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Abstract 

Multi-level coupled inductor voltage source converter topologies using two level 

inverters and advanced pulse width modulation (PWM) schemes are presented to reduce 

the footprint of high-power non isolated converters by lowering the size/weight of the 

magnetics.  

Interleaved PWM switching of two-level inverter legs connected to coupled 

inductors (CIs) having cross-coupled windings is a topic examined for low voltage high 

power converters. The winding arrangement significantly reduces the series output 

inductance as seen at the output of each phase of the voltage source converter. Balanced ac 

currents flowing through the inductor low series output inductance produce a small 

fundamental voltage drop across the coupled inductor windings and insignificant lowers 

the fundamental flux in the inductor magnetic core. In consequence, the peak flux and 

hence, the size/weight of the interface inductors required to average the outputs of the 

parallel connected two-level inverter legs can be reduced. The low series output inductance 

equally favors rapid transient response and makes it feasible to generate high-frequency 

fundamental multi-level PWM output voltages in the kilohertz range.  

A common mode (CM) dc-choke and a differential mode (DM) ac coupled inductor 

are investigated to separately filter the common mode and differential mode PWM voltages 

experienced between two parallel connected voltage source converters using to the same 

dc-link. The dc choke presents a high inductance to common mode PWM, and the ac 

inductor presents a high inductance to differential mode PWM voltages. The size and 

weight of the two coupled inductor types is smaller than using three conventional coupled 
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inductors, which can cope with both common mode and differential mode PWM voltages 

across their windings. The system described is useful to reduce common mode to ground 

noise in uninterrupted power supplies and motor drives, reduce cable interactions, and 

increase the power density of interleaved PWM switching converters by reducing the size/ 

weight of the converter’s magnetics. 

Neutral point clamped (NPC) coupled inductor topologies having inner high-

frequency PWM modules are presented for high voltage high current applications such as 

ultra fast electric vehicle chargers and electric drives. The neutral point clamped converters 

reduce the voltage stress across all the switching devices to Vdc/2 and lowers switching 

losses. The first NPC converter examined, unidirectional converter, has a reduced switch 

count and produce more voltage levels at the coupled inductor outputs when compared 

with VSCs having the same number of switching devices. Such multi-level PWM output 

voltages can easily be filtered with a small ac inductance, thereby reducing the size/weight 

of the overall converter. The second neutral point clamped converter, bidirectional 

converter, has two high-frequency modules at the output stage of each phase and connected 

together using a 3-limb interface coupled inductor. This inductor is smaller than using three 

conventional C-shaped coupled inductors. A PWM scheme that produces no common 

mode voltage across the 3-limb inductor windings is used to control the bidirectional NPC 

converter.  

A discontinuous PWM, DPWM, control for neutral point clamped converters 

having inner high-frequency PWM modules is presented to reduce the peak flux, size, and 

weight of the magnetics in high voltage high current voltage source converters. The 
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DPWM control ensures that the flux patterns remain centered at zero with no jumps; 

thereby reducing the peak flux and the required size/weight of interface coupled inductors.    
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Chapter 1 

Introduction 

As the world moves toward green energy generation and consumption, the 

significance of power electronics converters grows greater day by day. The conventional 

six switch voltage source converter (VSC) has been the workhorse of many industrial 

applications for decades. However, as the power and voltage level of application increases, 

and as the restrictions on the qualities of the converters become stricter, the conventional 

six switch VSC becomes less preferred [6]-[18]. Also, there is a growing need for VSCs 

with power ratings ranging from 10 kW to 3MW capable of supplying high quality high 

frequency fundamental output voltages in the kilohertz range for high/ultra-high-speed 

machines [19]-[23]. 

The rated power of an energy conversion unit can be increased by increasing the 

system voltage or current. The former can be achieved using multi-level voltage source 

converters, a few include active neutral point clamped converters (ANPC), cascaded H-

bridges. This is because they can deal with higher voltages that are shared among a high 

number of semiconductor switches [24]-[36]. The main drawbacks of these multi-level 

converters are their use of many capacitors which require a complex control mechanism to 

regulate their voltages and the need for numerous isolated dc sources [37].  

Two level voltage source converters or inverter legs can be connected in parallel to 

increase the current rating of a power converter [38]-[47]. This approach has numerous 

attractive features such as sharing the load current between the converters and the 

production of multi-level pulse width modulated (PWM) outputs with voltage steps lower 

than the dc-link voltage. These PWM outputs generate less audible noise, less 

electromagnetic emissions (EMI), and very low rate of change of voltage ( 𝑑𝑣 𝑑𝑡⁄ ) because 

of the smaller voltage steps. In addition, the frequency of the converter PWM outputs is 

much higher than the converter switching frequency. In consequence, interleaved PWM 

switching converters can operate with smaller switching frequencies while enhancing the 

converter output qualities. Most importantly, modular designs can be used that allow, the 
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implementation of fault-tolerant techniques to guarantee high reliability. However, the 

voltage difference between the output terminals can create circulating currents between 

parallel modules. These circulating currents can lead to unbalance current stress, uneven 

distribution of the load currents between the parallel-connected converters, and low 

converter efficiency. Isolating transformers and inductors can be used to suppress the flow 

of circulating currents between the converters, but they can be bulky and increase the 

overall size/weight of the power converter.  

Paralleling several switching devices in a six-switch VSC is another way of 

increasing the output current of a power converter. Nevertheless, semiconductor 

mismatches which is inevitable may lead to additional switching and conduction losses 

[48]-[50].  

1.1. Technology related to parallel connected VSCs 

Magnetic configurations, advanced PWM schemes and control algorithms have 

been topics of research over the years to control the flow of circulating current between 

interleaved PWM switching converters while reducing the size and weight of passive 

devices like transformers, filter inductors, and capacitors.  

1.1.1. Magnetic configurations  

The circulating current between parallel inverter legs can be suppressed by 

introducing an impedance in the circulating current path. This can be done using ac filter 

inductors, see Fig. 1.1 (a). However, a high value of inductance is required to achieve a 

reasonable suppression of the circulating currents which then leads to slow transient 

response. In addition, ac filter inductors experience a significant fundamental voltage drop 

across their windings which is not desirable. Most importantly, their size/weight are 

directly proportional to the peak of the fundamental frequency ac currents which in turns 

produces fundamental flux in the inductor magnetic core [51]-[53].  
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Wye-delta transformers can be used to electrically isolate parallel-connected 

converters and to prevent the flow of circulating currents between them, Fig. 1.1 (b), [54]. 

However, such low frequency transformers can be massive, bulky, and expensive. A 

common mode (CM) choke can be placed on the dc side of each converter to suppress the 

flow of circulating currents, Fig. 1.1 (c). Nevertheless, this approach increases the number 

of magnetics structures in the systems [55].  

3-phase 

load

ac filter inductors

ac filter inductors   

Load

Y-  Transformer

Y-  Transformer

  

3-phase 

load

DC-Choke

DC-Choke

 

                         (a)                                         (b)                                               (c) 

Fig. 1.1 Magnetics in high power converters (a) ac filter inductors, (b) Y-∆ transformers, (c) dc-

chokes. 

Inter-cell transformers and multi-limb coupled inductors can be used to reduce the 

size of the magnetics required to average the outputs of interleaved PWM switching 

converters, Fig. 1.2 (a). These magnetic structures present a low series output inductance, 

related to the leakage inductance of the coupled windings, to the flow of balanced ac 

currents. However, they present a very high inductance, related to the magnetizing 

inductance of the coupled windings, to the flow of unbalanced currents or circulating 

currents between the converters. Most importantly, fundamental flux produced by the flow 

of ac currents cancels in the magnetic core of coupled inductors [46], [56]-[66]. 

Consequently, the size, weight, and cost of coupled inductor cores can be reduced as a 

result of their size being directly related to the high-frequency switch mode voltages 

imposed across the inductor windings which produce high frequency flux in the core. The 

windings of widely used conventional coupled inductors are loosely coupled and have large 

a leakage flux especially when wound on a large magnetic core [46], [56]-[65]. This is the 

result of having windings located on different limbs of the magnetic core. The higher 

leakage flux produces electromagnetic emissions (EMI) which are not environmentally 
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friendly. In addition, the inductance associated with this leakage flux, hence leakage 

inductance, determines the series output inductance of the coupled inductors. Fundamental 

currents flowing through large leakage inductances can produce a significant fundamental 

voltage drop across the coupled inductor windings. The voltage drop increases as the 

magnitude, the phase-shift angle, and the frequency of the fundamental current increases, 

leading to an increase in the peak flux and the required size/weight of the core. 

Magnetic structures that integrate coupled inductor and ac filter inductors, 

integrated inductors, can be used to significantly reduce the size and weight of the 

magnetics in parallel-connected VSCs, see Fig. 1.2 (b) & (c), [66]–[68]. However, the 

proposed inductors use nonstandard magnetic cores and often have coupled windings 

located on separate limbs. 

  

Coupled inductor

a
a1

a2

ac filter

b

c

 

 

                             (a)                                                                     (b)     

                                            

a
ac filter

b

c

a1

a2

a3

a4

Coupled inductor

 

 

                                                                  (c)                                         

Fig. 1.2 Multi-limb inductors (a) multi-limb coupled inductor, (b) integrated inductors for dual 

converters (c) integrated inductors for four parallel connected converters [66]–[68]. 
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 A C-core can be attached to a three-limb core to provide a path for common mode 

(CM) flux, Fig. 1.3. The combined inductor structure faces the challenge of achieving 

symmetry in the magnetic paths [69].  

a
ac filter

a1

a2

a3

Coupled inductor

 

Fig. 1.3 Combined inductor. 

A 3-limb coupled inductor (CI) and an ac common mode choke with six coupled 

windings were introduced to separately suppress the flow of differential mode (DM) and 

common mode (CM) circulating currents between two interleaved PWM switching 

converters [70]-[71]. The combined mass of the two magnetic structures described (CM & 

DM filters) is smaller than that of three separate coupled inductors (CIs) which can 

suppress both common mode and differential mode circulating currents. The ac choke has 

coupled windings located on different limbs of a C-shaped core or toroid, inter-limb 

coupled windings with large leakage inductances. The coupled inductor can experience a 

significant fundamental voltage drop especially when used to generate high frequency 

fundamental outputs. Two three-limb coupled inductors were used to suppress the flow of 

positive and negative sequence harmonic currents in three voltage source converters 

connected to separate dc links. The system was designed for electrically isolated inverters 

and not intended to filter common mode PWM voltages between the converters [72]. 

A very interesting filter building block was introduced for an arbitrary number of 

parallel-connected voltage source converters [73] – [75]. The filter block is composed of 

series-connected common mode and differential mode inductors having coupled windings 

located on different limbs of the magnetic core. The filter block has a relatively high series 

output inductance related to high inter-limb leakage inductance of the series connected 

coupled inductors. Consequently, they would equally experience a significant fundamental 
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voltage drop across their windings when generating high frequency fundamental outputs 

in the kilohertz range. The filter block is suitable for converters, which produce low-

frequency fundamental output voltages like grid connected converters.  

1.1.2. Modulation techniques 

An overview of the several modulation techniques for parallel connected voltage 

source converters is presented. The on/off state of semiconductors in a power converter is 

determined by the modulation technique. Many PWM techniques have been investigated 

over the years and can be grouped into fundamental and high frequency modulation 

techniques. The former includes selective harmonic elimination (SHE), and space vector 

control [76]-[79]. SHE eliminates certain harmonics from the converter outputs which are 

difficult to filter. The latter includes space vector pulse width modulation (SV-PWM) and 

the carrier-based pulse width modulation (CB-PWM) [80]-[84]. The carrier-based pulse 

width modulation scheme can further be classified into level-shifted pulse width 

modulation (LS-PWM) [85]-[92] and phase-shifted pulse width modulation (PS-PWM) 

[93]-[96]. The level-shifted pulse width modulation includes phase-disposition PWM (PD-

PWM), phase-opposition disposition PWM (POD-PWM) and alternative phase-opposition 

disposition PWM (APOD-PWM). When sinusoidal references are used the carrier-based 

pulse width modulation (CB-PWM) is referred to as sinusoidal PWM (SPWM) [97]. When 

the reference signals are discontinuous, the CB-PWM is referred to as discontinuous PWM 

(DPWM) [98],[100]. A commonly used DPWM scheme is the 600 clamped DPWM 

scheme.  

 Space vector PWM (SVPWM) based techniques produce high quality waveforms 

by using the nearest three vector approach. The subsector in which the reference space 

vector resides at a given time must be identified, which is not a trivial task especially for 

voltage source converters with numerous interleaved PWM switching inverter legs. 

Additionally, during the implementation of a space vector PWM scheme on hardware such 

as a DSP, the dwell times calculated from the space vector PWM must almost always be 

converted into reference signal values. These need to be compared against a carrier signal 

to determine the switching instances.  
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Carrier-based pulse width modulation (CB-PWM) are less complex when 

compared with space vector PWM and can easily be developed for voltage source 

converters with any arbitrary number of parallel-connected inverter legs. Level-shifted 

pulse width modulation (LS-PWM) produces high-quality outputs like the space vector 

PWM but cannot be applied directly to converters with interleaved PWM switching 

inverter legs. This is because it would drive huge dc and ac circulating currents at the 

fundamental frequency between them [101]. Phase-disposition PWM (PD-PWM) with 

double commutations at the zero crossover of the reference signals was proposed to 

mitigate the injection of direct-current voltages in coupled inductors during band 

transitions, thereby suppressing circulating currents [86]. An alternative phase disposition 

PWM injects a square wave into the reference signals and uses state machine 

postprocessing to correct the switching patterns of each inverter leg [87]. Similarly, a single 

carrier can be used to control the switching of each inverter leg in each phase of a voltage 

source converter for flux-balancing control. The reference signals are modified during 

band transitions to balance the flux in the coupled inductors and produce a smooth 

transition as the reference signals move between the modulation bands [88]. Sinusoidal 

PWM (SPWM) uses phase-shifted carriers to produce evenly spaced inverter leg switching 

patterns, but the highest quality multilevel three-phase line voltages are not achieved due 

to poor alignment of the line voltage PWM switching patterns. This can be improved using 

a modified SPWM (M-SPWM) that controls the switching of each inverter leg by swapping 

between two sets of phase-shifted carrier signals, carrier swapping, in relation to the 

magnitude of the modulating signals in each phase [5], [101]. An alternative approach 

manipulates the modulating reference signals based on phase shifted PWM [9], [102]. Both 

approaches use relatively straightforward digital techniques but cause the circulating 

current and the flux in interface coupled inductors to experience jumps and dc offsets, 

thereby increasing the required size/weight of the converter magnetics. Reference 

modification techniques were implemented to generate high quality PWM outputs using 

the space vector PWM scheme without causing the circulating current or the flux in the 

interface inductor to experience a jump. However, the techniques proposed cannot be 

applied to converters with an arbitrary number of inverter legs [2], [6], [7]. Carrier 

transition techniques were developed to generate high quality multi-level PWM output 
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voltages. The carrier transition techniques can effectively be implemented with VSCs 

having an arbitrary number of parallel-connected inverter legs [8]. Discontinuous PWM 

schemes were investigated to reduce switching losses in VSCs. Modified discontinuous 

PWM schemes referred to as DPWM1, DPWM2 and DPWM3 were investigated to 

eliminate the common mode voltage between two interleaved PWM switching converters, 

making it feasible to use only a differential mode coupled inductor (3-limb coupled 

inductor) to average their outputs [103] – [108]. However, these discontinuous PWM 

schemes equally cause the circulating current between the VSCs to jump. The different 

PWM schemes developed for parallel-connected converters have been summarized in Fig. 

1.4. 

 

Multi-level Modulation

High switching frequency Low switching frequency

Carrier Based PWM 

(CB-PWM)
Space Vector Control (SVC)

Selective Harmonic 

Elimination (SHE)

Phase-Shifted PWM 

(PS-PWM)

Space Vector PWM 

(SVPWM)

Level-Shifted PWM 

(LS-PWM)

Sinusoidal PWM 

(SPWM)

Discontinuous PWM 

(DPWM)

Alternative Phase Opposition 

Disposition PWM 

(APOD-PWM)

Phase Opposition Disposition  

PWM 

(POD-PWM)

Phase Disposition PWM 

(PD-PWM)

 

Fig. 1.4 Classification of modulation technique for parallel-connected VSCs. 
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1.1.3. Current control algorithm  

It is important to make sure that the load current is evenly shared between the 

parallel-connected converters or inverter legs. This is mostly achieved using 

proportional-integral controllers [109]-[112]. A control scheme which involves 

changing the carrier frequency at any carrier cycle was investigated to achieve a rapid 

response of the current balancing controller which avoids long transitory over-currents 

on one converter or inverter leg [113]. Circulating currents between interleaved PWM 

switching voltage source converters can equally lead to uneven current sharing. A 

control algorithm was proposed to control the circulating current between interleaved 

PWM switching converters [114]-[118]. Coupled inductor winding arrangements are 

presented to guarantee an even distribution of the output currents between the parallel-

connected inverter legs without the need for a current controller.  

1.2. Research objectives and contribution 

A central theme of the work presented is to develop high power highly reliable non 

isolated voltage source converters (VSCs) with a reduced footprint by reducing the 

size/weight of the magnetics. Novel coupled inductor (CI) winding configurations, coupled 

inductor arrangements, and advanced PWM techniques are thoroughly investigated to 

reduce the peak flux, size, and weight of the magnetics in high power converters which 

often constitute more than 50% of the system’s size and weight.  

1.2.1. Cross-coupled inductors 

Interleaved PWM switching of two-level inverter legs connected to coupled 

inductors having crossed-coupled windings is investigated to significantly reduce the series 

inductance as seen at the output of each phase of the converter. Balanced ac currents 

flowing through the inductor windings produce an insignificant fundamental voltage drop. 

This results in an insignificant fundamental flux in the inductor magnetic core which 

reduces the peak flux and the size/weight of the inductors. The low series output inductance 
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produced by the cross coupled windings equally favors rapid transient response and makes 

it feasible to generate high-frequency fundamental multi-level PWM output voltages in the 

kilohertz range with a very small fundamental voltage drop across the coupled inductors.  

1.2.2. DC common mode choke and ac differential 

mode inductor 

A common mode dc-choke and a differential mode coupled inductor, 3-limb CI, 

are examined to separately filter the common mode and differential mode components of 

the switched mode voltages experienced between two 1800 interleaved PWM switching 

converters connected to the same dc-link. The peak flux produced by the separate common 

mode and differential mode components of the switched mode voltage between the two 

converters is smaller than the peak flux with the common mode and differential mode 

combined. Consequently, the size and weight of the two coupled inductor type (dc-choke, 

3-limb CI) is smaller when compared with using three conventional coupled inductors, 

designed to absorb both common mode and differential mode PWM voltages together. The 

coupled inductor arrangement considered is useful to increase the power density of 

interleaved PWM switching voltage source converters by reducing the size/ weight of the 

converter’s magnetics, reduce common mode to ground noise in uninterrupted power 

supplies and motor drives, reduce cable interactions, and generate multi-level PWM 

outputs voltages with voltage step much smaller than the dc-link voltage. 

1.2.3. Neutral point clamped CI converters 

Neutral point clamped (NPC) coupled inductor converters with inner high-

frequency modules are examined for high voltage high current applications such as ultra 

fast electric vehicle chargers and electric drives. The NPC converters reduce the voltage 

stress across of all the converter switching devices to Vdc/2 which lowers switching losses 

and reduces the voltage stress across the windings of the coupled inductors. The low 

inductor voltage stress lowers the peak flux and the size/weight of interface coupled 
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inductors (CIs) when compared with that of other converters designed to operated with the 

same dc-link voltage. The first NPC converter examined, unidirectional converter, has a 

reduced switch count and produces more voltage levels at the CI outputs terminals when 

compared to other converters having the same number of semiconductor switching devices. 

Such multi-level PWM output voltages can easily be filtered with a much smaller ac 

inductance thereby reducing the size/weight of the overall converter.  A second NPC 

converter examined, bidirectional converter, has two inner connected interleaved PWM 

switching modules connected to a 3-limb interface coupled inductor. A 3-limb core can be 

smaller than using three conventional C-shaped cores. A PWM scheme that produces no 

common mode voltage between the inner inverter modules is used to operate the 

bidirectional converter.  

1.2.4. DPWM control for NPC CI converters 

A discontinuous PWM, DPWM, control is investigated to reduce the peak flux and 

the size/weight of the magnetics in a 3-phase coupled inductor neutral point clamped 

converter having inner switching modules. The discontinuous PWM control ensures that 

the flux/circulating current patterns remain centered on zero with no jumps; thereby 

reducing the peak flux and the required size/weight of interface coupled inductors in high 

voltage, high current voltage source converters.     
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Chapter 2 

Two Level VSCs using cross coupled inductor 

windings 

The electrical model of inductors having cross coupled windings (cross coupled 

inductors) and their performance are examined and compared with that of conventional 

coupled inductors (CIs) used to average the outputs of voltage source converters (VSCs) 

having parallel-connected 2-level inverter legs in each phase. The flux and circulating 

current ripple in the two inductor types are examined. Cross coupled inductors have 

very low series output inductances when compared with conventional coupled 

inductors. Consequently, they can be used to significantly lower the fundamental 

voltage drop at the phase output terminals. This is closely related to lowering the peak 

flux in the magnetic core of interface inductors and reduces the size/weight of the 

magnetic core required to prevent saturation.  

2.1. Interleaved PWM for 2-level inverter legs 

Two level inverter legs can use interleaved PWM switching in each phase of a 

three-phase system using coupled inductors (CIs) to produce multi-level PWM output 

voltage waveforms. This has numerous attractive features such as modularity, high 

reliability and semiconductor devices having lower current ratings. When n-inverter 

legs are connected in parallel in each phase, n-evenly phase-shifted carriers are used 

a2
a3

Vdc

an

a

a1

 

Fig. 2.1 nth interleaved inverter legs with coupled inductors in each phase of a VSC. 



13 

 

to generate n+1 level phase (vpha) and 2n+1 PWM line voltages (vline). In addition, the 

frequency of the PWM line voltage is 2n times greater than the inverter switching 

frequency (fs). The phase-shift angle of the carriers used for an arbitrary number of 

interleaved inverter legs are presented in Table 2.1. Where n refers to the number of 

parallel-connected inverter legs per phase (ILPP). Multi-level outputs have a reduced 

harmonic content and can easily be filtered using small ac inductances. The number of 

output levels is equally related to the amplitude modulation index (ma), see Fig. 2.2 

and Fig. 2.3. These multi-level outputs have PWM voltage steps much smaller than the 

dc-link voltage. The quality of a converter output can be appreciated using the 

harmonic volt-second of the PWM line voltage and the converter current total harmonic 

distortion (THD).  

 

Table 2.1: Phase-Shifted Carriers for Interleaved VSCs 
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Fig. 2.2 Output waveforms of a VSC having three parallel-connected inverter legs in each phase, 

Vdc = 300 V, fs = 20 kHz, (a) ma = 0.2, (b) ma = 0.5, (c) ma = 1.1.  
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Fig. 2.3 Output waveforms of a VSC having four parallel-connected inverter legs in each phase, 

Vdc = 300 V, fs = 20 kHz, (a) ma = 0.2, (b) ma = 0.5, (c) ma = 1.1. 
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The quality of multi-level voltages increases as the number of parallel-

connected inverter legs/levels increases. However, the small improvement of the 

quality of the PWM line voltage does not justify the use of more than four inverter legs 

in each phase of a three-phase system, see Fig. 2.4. When the amplitude modulation 

index (ma) is between 0.65 and 1, the harmonic volt-second of the converter PWM line 

voltage having four inverter leg per phase (ILPP) is greater than that of a converter 

having three parallel-connected inverter legs per phase.  This is because a significant 

portion of PWM line voltage of the converter having three interleaved PWM switching 

inverters legs has a voltage step of 2Vdc/3 and the frequency of the PWM line voltage 

is three times greater than the carrier/ switching frequency. However, the voltage step 

of the converter having four interleaved PWM switching inverters legs is smaller (Vdc/2) 

and the frequency of the PWM line voltage is four times greater than the carrier 

switching frequency, Fig. 2.2 and Fig. 2.3.  
 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0 0.2 0.4 0.6 0.8 1 1.2

H
a
m

o
r
n

ic
 v

o
lt

-s
ec

o
n

d
 P

W
M

 l
in

e 
v
o
lt

a
g
e
 (

p
.u

)

Modulation Index (ma)

2-ILPP

3-ILPP 4-ILPP

5-ILPP

 

 Fig. 2.4 Harmonic volt-second of the PWM line voltage (p.u), Vdc = 300 V, fs = 20 kHz. 

Fundamental flux produced by the flow of ac currents cancels in the magnetic 

core of coupled inductors, so the size and weight of coupled inductors can be greatly 

reduced as a result of their size being directly related to the high frequency switch mode 

voltages across their windings which produce high frequency flux in their magnetic 

core.  However, conventional coupled inductors with their loosely coupled windings 

(windings located on different limbs of the core) can still experience a significant 
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fundamental voltage drop (vd) across their windings as a result of ac currents (iac) 

flowing through the large leakage inductances (Le). The fundament voltage drop (vd) 

across the coupled inductor windings, expressed as (2.1), increases as the magnitude, 

frequency (ff) and the phase-shift (α) between the fundamental ac currents and voltage 

increases. The fundamental voltage drop could increase the peak flux (ϕ) and the 

required size of the inductor magnetic core. In addition, conventional coupled inductors 

generate a lot of electromagnetic emissions which is related to the large leakage flux 

and are not environmentally friendly.  

                                           𝑣𝑑 = 2𝜋 × 𝑓𝑓 × 𝐿𝑒 × |𝑖𝑎𝑐| sin(𝜃 − 𝛼)                         (2.1) 

Inductors with cross coupled windings are investigated to mitigate the 

drawbacks of conventional coupled inductors. When using a 3-limb inductor, the 

winding arrangement is very similar to that of zig-zag transformers which are often 

used as ground transformers in power systems with the significant difference that cross 

coupled inductors are used in separate phase of the voltage source converter [119], 

[120]. Zig-zag transformers have equally been used in numerous industrial applications 

to improve the power factor of a high-power AC-DC converter [121]. These 

transformers can be used to mitigate voltage disturbance caused by single-phasing in a 

3-phase system [122]-[124]. Zig-zag connected transformers have been used in an 

isolated multi-level inverter composed of four voltage source converters to reduce the 

number of transformers as well as the current and voltage stress across their windings 

[125]. A high-frequency zig-zag transformer was proposed to average the outputs of 

interleaved DC-DC converters (Boost, Buck) [126].   

2.2. Coupled inductors with cross coupled windings 

Cross coupled inductors can be used separately in phase of a voltage source 

converter to generate multi-level output voltages while reducing the fundamental 

voltage drop at the phase output terminal. These inductors have two windings on the 

same limb of the core which are tightly coupled to significantly reduce leakage flux 

and the associated leakage inductance (Le). The inductor winding arrangement can be 
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implemented using either multi-limb core or modular and commercially available off-

the-shell magnetic cores. Fundamental flux cancelation in cross coupled inductors can 

be explained using Fig. 2.5. Note that the flow of fundamental ac currents (i1, i2) 

produces no flux in the magnetic core, if they have the same magnitude and are in phase, 

see the dot notation in Fig. 2.4. The low leakage inductance reduces the series output 

inductance of the coupled inductor, making it feasible to generate high frequency 

fundamental multi-level PWM output voltages with a very small fundamental voltage 

drop across the inductor windings. The inductance experience between the inverter leg 

terminals (a1, a2) is related to the relatively large magnetizing inductance of the coupled 

windings and can be used to suppress the flow of unbalanced or circulating currents. 

Also, since the coupled inductor magnetizing inductance is significantly larger than the 

series output inductance, the load current can evenly be shared between the two parallel 

paths without the need for a current controller. 

Coupled inductors with cross-coupled windings on a C-shaped magnetic core 

were used to average the outputs of a converter having two interleaved PWM switching 

inverter legs per phase, see Fig. 2.6 [6], [11]. The system produced 3-level phase (vpha) 

and 5-level PWM line voltages (vline). Cross-coupled windings on a standard 3-limb 

core were used in each phase of a 3-phase system to produce 4-level phase and 7-level 

PWM line voltages, Fig. 2.7 [1], [3], [7], [8]. Cross-coupled windings on modular C-

shape cores connecting the output of four interleaved PWM switching inverter legs in 

each phase of a 3-phase voltage source converter were investigated to generate 5-level 

phase and 9-level PWM line voltages, see Fig. 2.8 [5].  

i1

i1+i2

i2

i2

a1

a2

 

Fig. 2.5 Fundamental flux cancelation in CIs with cross coupled windings. 
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Cross-coupled windings on modular C-shape cores are more convenient when 

designing converters with more than three interleaved PWM switching inverter legs. 

The coupled inductors (CIs) average the outputs of the inverter legs in each phase to 

produce multi-level phase output voltages. The muti-level voltage at the output of each 

inductor and the output current can be expressed as (2.2) and (2.3) respectively. The 

characteristics of cross coupled inductors can be examined using their electrical model. 

Where vax and iax are respectively the output voltage and output current of each inverter 

leg. 

a1

ac load

R

S

T

va

vb

vc

va1

va2a2

 

(a) 

vpha

vline

Carrier 

vline

 

(b) 

Fig. 2.6 Coupled inductor VSC with two interleaved inverter legs per phase (a) circuit diagram (b) 

output voltage waveforms. 
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vc

Vdc

 

(a) 

vpha

vline

Carrier 

 

(b) 

Fig. 2.7 Coupled inductor VSC with three interleaved inverter legs per phase (a) circuit diagram 

(b) output voltage waveforms. 
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va1

va3

va2

Vdc

va4

ac load

R

S

T

vb

vc

va

Coupled windings 

on the same core  

(a) 

vpha

vline

 

(b) 

Fig. 2.8 Coupled inductor VSC with four interleaved inverter legs per phase (using modular C-

shaped cores) (a) circuit diagram (b) output voltage waveforms. 

 

                        𝑣𝑝ℎ𝑎 =
1

𝑛
 ∑ 𝑣𝑎𝑥
𝑛
𝑥=1                                                            (2.2) 

                          𝑖𝑎 =
1

𝑛
 ∑ 𝑖𝑎𝑥
𝑛
𝑥=1                                                               (2.3) 
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2.3. Electrical model of coupled inductors for VSCs 

having parallel-connected inverter legs in each phase  

The fundamental characteristics of coupled inductors is to present a high inductance 

between the output terminals of parallel-connected inverter legs in each phase of a 3-phase 

system and a low series inductance at the phase output terminal. The large inductance 

between the inverter legs reduces the peak-to-peak circulating current ripple and losses. 

The electrical model compares the series output inductance (LL), the effective inductance 

between inverter legs (Lcir), and the peak circulating current ripple in conventional coupled 

inductors and cross coupled inductors.                      

2.3.1. Two inverter legs 

Conventional coupled inductors (CIs) for connecting two inverter legs have two 

coupled windings located on separate limbs of a C-shaped magnetic core. Cross coupled 

inductors would have four windings wound such that two windings are connected in series 

but located on separate limbs of a C-shaped magnetic core. The analysis assumes that the 

four windings have the same number of turns (N), Fig. 2.9 (a), and the base inductance (Lw) 

is the inductance of one winding when only that winding is excited, while the remaining 

windings are open circuited. We equally assume the conventional coupled inductors have 

windings with the same number of turns (2N), see Fig. 2.9 (b).  

 

ia1

ia2

ia

Lw Lw

N N

N N

   

ia1

ia2

ia
2N

2N

 
                                      

(a) (b)  

 

Fig. 2.9 Coupled inductors for VSCs having two parallel-connected inverter legs in each phase (a) 

cross coupled inductors (b) conventional coupled inductors. 
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Fundamental ac currents (ia1, ia2) flowing through both inductor types would produce a 

balanced ampere-turn (Ni) in the magnetic core and would not produce flux in the magnetic 

core, see Fig. 2.10. These currents would flow through the leakage inductance of the 

coupled inductors. The series output inductance (LL) of both inductor types, expressed as 

(2.4), is related to the leakage inductance of the coupled windings. Conventional coupled 

inductors with windings located on separate limbs of the core (inter-limb coupled 

windings) have relative larger leakage inductances (𝐿𝑒𝐶 ) when compared with cross 

coupled inductors (intra-limb coupled windings) (𝐿𝑒𝑐𝑠).  

Unbalanced current or circulating currents (icir1, icir2) would flow between the 

inverter legs and would produce flux in the magnetic core of both inductor types. Since 

these currents do not flow to the load, their algebraic sum equals to zero. The inductance 

of one winding (Lw) in both inductor types when only that winding is exited while the 

others are not can be expressed as (2.5); where Rleg is the reluctance of each limb of the 

magnetic core, see Fig. 2.11 (a). The circulating currents flow through the four coupled 

windings connected in series, Fig. 2.11 (b). The flux linkage and the inductance (Lcir) 

associated with circulating currents flow can be expressed as (2.6) derived from Faraday’s 

law. Hence, the effective inductance of both inductor types between the inverters relative 

to the inductance of one winding can be determined as (2.7). The two coupled inductor 

types can equally be modeled in a simulation software using (2.8), where k1 and k2 are 

respectively the inductor intra-limb and interlimb coupling coefficients. 

 

Nia1

Nia2 Nia1

Rleg
Rleg

Nia2

                                          

2Nia1

Rleg
Rleg

2Nia2

 

(a) (b) 

Fig. 2.10 Coupled inductors for connecting two inverter legs (a) cross coupled inductors (b) 

conventional coupled inductors. 

 

                                    𝐿𝐿 = {
𝐿𝑒𝐶  , 𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 𝑖𝑛𝑑𝑢𝑐𝑡𝑜𝑟𝑠

𝐿𝑒𝐶𝑆 , 𝑐𝑟𝑜𝑠𝑠 𝑐𝑜𝑢𝑝𝑙𝑒𝑑 𝑖𝑛𝑑𝑢𝑐𝑡𝑜𝑟𝑠
                             (2.4) 
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Nicir1

Rleg
Rleg

                                  

icir1

icir2

 

(a) (b) 

Fig. 2.11 Coupled inductors equivalent circuit (a) magnetic circuit showing one exited winding (b) 

path for unbalanced or circulating currents. 

                             𝐿𝑤 =
𝑁2

2𝑅𝑙𝑒𝑔
                                                                                 (2.5) 

                            𝐿𝑐𝑖𝑟(𝑖𝑐𝑖𝑟1 − 𝑖𝑐𝑖𝑟2) = 4𝑁 (
4𝑁𝑖𝑐𝑖𝑟1

2𝑅𝑙𝑒𝑔
−
4𝑁𝑖𝑐𝑖𝑟2

2𝑅𝑙𝑒𝑔
) 

                                                                 =
8𝑁2

𝑅𝑙𝑒𝑔
(𝑖𝑐𝑖𝑟1 − 𝑖𝑐𝑖𝑟2)                                      (2.6) 

                           But   𝑅𝑙𝑒𝑔 =
𝑁2

2𝐿𝑤
 ;                                                                         

                          Hence,            𝐿𝑐𝑖𝑟 = 16𝐿𝑤                                                          (2.7) 

                                      𝑳 = 𝐿𝑤 × [

1
𝑘1
𝑘2
𝑘2 

  

𝑘1
1
𝑘2
𝑘2 

  

𝑘2
𝑘2
1
𝑘1

  

𝑘2
𝑘2
𝑘1
1

]                                              (2.8) 

 

For the worst-case scenario both coupled inductor types would experience a 

voltage step of Vdc for half the switching cycle across their terminals (a1, a2). 

Consequently, the peak-to-peak circulating current ripple (𝑖𝑐𝑖𝑟𝑝𝑘) between the parallel-

connected inverter legs can be expressed as (2.9); where fc is the converter carrier 

frequency. The inductor model reveals that both inductor types for a converter having 

two parallel-connected inverter legs per phase would provide approximately the same 

inductance between the inverters. However, cross coupled inductors would have a 

much small series output inductance related to the intra-limb leakage flux as opposed 

to the much larger interlimb leakage inductance associated with the conventionally 

wound coupled inductor. 
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                          𝑖𝑐𝑖𝑟𝑝𝑘 = 
𝑉𝑑𝑐

32×𝐿𝑤×𝑓𝑐
                                                                         (2.9) 

2.3.2. Three inverter legs 

Conventional coupled inductors connecting three inverter legs in each phase of 

a 3-phase system has one winding located on each limb of a 3-limb core. Cross-coupled 

inductors would have two windings on each limb; two connected in series but located 

on separate limbs of a 3-limb core, Fig. 2.12 (a). The analysis assumes that all the six 

coupled windings of the cross coupled inductor have the same number of turns (N), 

have an insignificant winding resistance, and the base inductance (Lw) is the inductance 

when only one winding is exited and the other windings are open circuited. We equally 

assume that the windings of the conventional inductor have the same number of turns, 

one winding per limb with 2N turns, see Fig. 2.12 (b).  

Balanced ac currents (ia1, ia2, ia3) flowing through both inductor types would 

produce equal and opposite ampere-turns (Ni) in each limb, Fig. 2.13 (c) and (d). These 

currents could flow through the inductor leakage inductances and would not produce 

flux in the magnetic core. The series output inductance (LL) of both inductor types 

expressed as (2.10) is related to their leakage inductances. Conventional coupled 

inductors have large a leakage inductance (𝐿𝑒𝐶) associated with their low inter-limb 

coupling coefficients when compared with that of cross coupled inductor having intra-

limb coupled windings (𝐿𝑒𝐶𝑆).  

 

                                    𝐿𝐿 = {

𝐿𝑒𝐶

3
 , 𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 𝑖𝑛𝑑𝑢𝑐𝑡𝑜𝑟𝑠

𝐿𝑒𝐶𝑆

3
, 𝑐𝑟𝑜𝑠𝑠 𝑐𝑜𝑢𝑝𝑙𝑒𝑑 𝑖𝑛𝑑𝑢𝑐𝑡𝑜𝑟𝑠

                             (2.10) 

 

iaia2

ia1

ia3

  

iaia2

ia1

ia3

 

Nia1

Nia3

RlegRleg Rleg

Nia2

Nia1

Nia3

Nia2

   

RlegRleg Rleg

2Nia2 2Nia3

 

        (a)                                               (b)                                       (c)                                   (d) 
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Fig. 2.12 Three limb coupled inductors (a) cross coupled inductors, (b) conventional inductor, (c) 

magnetic circuit of cross coupled inductors, (d) magnetic circuit of conventional coupled inductors. 

 

Unbalanced or circulating currents would flow exclusively between the 

parallel-connected inverter legs and would produce flux in the inductor magnetic core. 

The circulating currents (icir1, icir2, icir3) flowing from the inverter output terminals (a1, 

a2, a3) of phase “a”, see Fig. 2.14 (a) and (b) adds up to zero since they do not flow to 

the load, see (2.11). If only one winding on both inductor types is excited while the 

other windings are open circuited, the flux (ϕz) produced by that winding can be 

expressed as (2.12), see Fig. 2.12 (c). The resultant winding inductance (Lw) can be 

determined as (2.13). The flux produced by the flow of two different currents in each 

limb of the cross coupled inductor (ϕ1, ϕ2, ϕ3) can be expressed as (2.14). The effective 

inductance associated with the flux in each limb (L13, L21, L32) can be determined with 

(2.15).  These inductances can be three times bigger than the winding inductance of 

one winding. 

 

i=0
icir2

icir1

icir3

       

i=0
icir2

icir1

icir3

        

Nicir1

RlegRleg Rleg

ϕz

 

                     (a)                                                   (b)                                               (c)                                    

Fig. 2.13 Circulating current path in a 3-limb coupled inductor (a) cross coupled inductors, (b) 

conventional inductor, (c) magnetic circuit when only one winding is exited. 

 

                                           𝑖𝑐𝑖𝑟1 + 𝑖𝑐𝑖𝑟2 + 𝑖𝑐𝑖𝑟3 = 0                                                (2.11) 

                                           𝜙𝑧 =
𝑁×𝑖𝑐𝑖𝑟1

1.5×𝑅𝑙𝑒𝑔
                                                                 (2.12) 

                                           𝐿𝑤 =
𝑁2

1.5×𝑅𝑙𝑒𝑔
                                                                (2.13) 
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𝜙1 =
𝑁(𝑖𝑐𝑖𝑟1−𝑖𝑐𝑖𝑟3)

𝑅𝑙𝑒𝑔

𝜙2 =
𝑁(𝑖𝑐𝑖𝑟2−𝑖𝑐𝑖𝑟1)

𝑅𝑙𝑒𝑔

𝜙3 =
𝑁(𝑖𝑐𝑖𝑟3−𝑖𝑐𝑖𝑟2)

𝑅𝑙𝑒𝑔 }
 
 

 
 

                                                       (2.14) 

                                           

𝐿13 =
2𝑁2

𝑅𝑙𝑒𝑔

𝐿21 =
2𝑁2

𝑅𝑙𝑒𝑔

𝐿32 =
2𝑁2

𝑅𝑙𝑒𝑔}
 
 

 
 

;   But  𝐿𝑤 =
𝑁2

1.5×𝑅𝑙𝑒𝑔
 

                              Hence,  𝐿13 = 𝐿21 = 𝐿32 = 3𝐿𝑤                                              (2.15)      

                     

The effective flux linkage (L11icir1) associated with the flow of circulating 

current (icir1) through two series connected windings on different limbs can be 

expressed as (2.16), see Fig. 2.14 (a). The inductance associated with that flux linkage 

can be determined as (2.17).  Consider the flow of circulating currents from one 

terminal (a1) to the other terminals (a2, a3), see Fig. 2.14 (b); for the worst-case scenario, 

the two series connected windings through which icir1 flows would experience a 

maximum voltage step of 2Vdc/3 while the other windings sharing the circulating 

currents would experience a voltage step of Vdc/3 within one third a switching cycle, 

Fig. 2.14 (c). The effective inductance of cross coupled inductors between three 

parallel-connected inverter legs (Lcir) can be expressed as (2.18).  

icir2

icir1

icir3

ϕ1

ϕ2

ϕ3

N N

N

N

N N   

a2

a1

a3

icir

icir

  
L11 = 4.5Lw

2Vdc/3
Vdc/3

2.25Lw  

                     (a)                                                   (b)                                               (c)                                    

Fig. 2.14 3-limb inductor with cross coupled windings (a) flux in each limb of the core, (b) 

circulating current path, (c) equivalent circuit of the inductor between the inverter legs. 

               𝐿11𝑖𝑐𝑖𝑟1 = 𝑁(𝜙1 − 𝜙2) = 𝑁 (
𝑁(𝑖𝑐𝑖𝑟1−𝑖𝑐𝑖𝑟3)

𝑅𝑙𝑒𝑔
−
𝑁(𝑖𝑐𝑖𝑟2−𝑖𝑐𝑖𝑟1)

𝑅𝑙𝑒𝑔
)                        
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                                                              =
𝑁2

𝑅𝑙𝑒𝑔
(𝑖𝑐𝑖𝑟1 − 𝑖𝑐𝑖𝑟3 − 𝑖𝑐𝑖𝑟2 + 𝑖𝑐𝑖𝑟1)                  (2.16)    

               But, 𝑖𝑐𝑖𝑟1 = −(𝑖𝑐𝑖𝑟2 + 𝑖𝑐𝑖𝑟3) and 𝐿𝑤 =
𝑁2

1.5×𝑅𝑙𝑒𝑔
 

               Hence, 𝐿11 = 4.5𝐿𝑤                                                                                 (2.17)    

                                         𝐿𝐶𝑖𝑟 = 6.75𝐿𝑤                                                                (2.18)   

The effective flux linkage (L11icir1) associated with the flow of circulating 

current (icir1) through two series connected windings on the same limb, conventional 

coupled inductors, can be expressed as (2.19), see Fig. 2.15 (a). The inductance 

associated with that flux linkage can be determined as (2.20). When current flows from 

one terminal (a1) of the 3-limb core to the other terminals (a2, a3), see Fig. 2.15 (b), the 

windings through which the circulating current (icir1) flows experience a maximum 

voltage step of 2Vdc/3 while the other windings sharing the circulating currents 

experience a voltage step of Vdc/3 within one third a switching cycle, Fig. 2.15 (c). 

Consequently, the effective inductance of a conventional 3-limb coupled inductor 

between parallel-connected inverter legs (Lcir) can be expressed as (2.21). The effective 

inductances of both inductor types can equally be modelled in a simulation software 

using (2.22). 

icir2

icir1

icir3

ϕ1

ϕ2

ϕ3

N N

N

N

N N  

a2

a1

a3

icir

icir

  
L11 = 6Lw

2Vdc/3
Vdc/3

3Lw  

                     (a)                                                   (b)                                               (c)                                    

Fig. 2.15 Conventional coupled inductors (a) flux in each limb of the core, (b) circulating current 

path, (c) equivalent circuit of the inductor between the inverter legs. 

                                    𝐿11𝑖𝑐𝑖𝑟1 = 2𝑁𝜙1 = 2𝑁
2𝑁𝑖𝑐𝑖𝑟1

𝑅𝑙𝑒𝑔
= 4𝑁

𝑖𝑐𝑖𝑟1

𝑅𝑙𝑒𝑔
                           (2.19)              

                                    But,  𝐿𝑤 =
𝑁2

1.5×𝑅𝑙𝑒𝑔
 

                                    Hence, 𝐿11 = 6𝐿𝑤                                                               (2.20)    
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                                               𝐿𝐶𝑖𝑟 = 9𝐿𝑤                                                               (2.21)   

                                   𝑳 = 𝐿𝑤 ×

[
 
 
 
 
 
1
    𝑘1
−𝑘2
−𝑘2
−𝑘2
−𝑘2

   

   𝑘1
1
−𝑘2
−𝑘2
−𝑘2
−𝑘2

   

−𝑘2
−𝑘2
  1
  𝑘1
−𝑘2
−𝑘 2

 

−𝑘2
−𝑘2
   𝑘1
1

−𝑘2
−𝑘 2

  

−𝑘2
−𝑘2
−𝑘2
−𝑘2
−𝑘2
   𝑘1

   

−𝑘2
−𝑘2
−𝑘2
−𝑘2
   𝑘1
1 ]
 
 
 
 
 

                  (2.22) 

For the worst-case scenario, the voltage between three PWM switching inverter 

legs would experience a voltage step of Vdc for one-third the switching cycle, see Fig. 

2.14 (c) and Fig. 2.15 (c). In consequence, the peak-to-peak circulating current ripple 

(𝑖𝑐𝑖𝑟𝑝𝑘) between them can be expressed as (2.23). 

The effective inductance of a 3-limb cross coupled inductor between the three 

parallel-connected inverter legs can be 25% smaller than that of a 3-limb conventional 

coupled inductor. However, the 3-limb cross coupled inductor would have a have a 

very small series output inductance (can be 3% that of a conventional inductor winding 

depending on the size of the core) which would significantly reduce the fundamental 

voltage drop across the inductor, lower the fundamental flux produced in the core, and 

increase dynamic response. 

                          𝑖𝑐𝑖𝑟𝑝𝑘 = {

𝑉𝑑𝑐

40.5×𝐿𝑤×𝑓𝑐
; 𝑐𝑟𝑜𝑠𝑠 𝑐𝑜𝑢𝑝𝑙𝑒𝑑 𝑖𝑛𝑑𝑢𝑐𝑡𝑜𝑟𝑠

𝑉𝑑𝑐

54×𝐿𝑤×𝑓𝑐
; 𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 𝑖𝑛𝑑𝑢𝑐𝑡𝑜𝑟𝑠

                          (2.23) 

 

2.3.3. More than three inverter legs 

Modular inductors using C-shaped cores can be used with more than three inverter legs 

in each phase, Fig. 2.16 (a). Balanced ac currents flowing through the windings of the 

modular coupled inductors would produce equal and opposite magnetic ampere-turns 

(Ni) in each modular core and would not produce fundamental flux in the magnetic 

cores, Fig. 2.16 (b). The phase output inductance is related to the leakage inductance 

of the two coupled windings on each limb while the inductance between inverter legs 

is related to magnetizing inductance. The effective inductance of the cross coupled 
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windings can be determined using the mathematical model of each core expressed as 

(2.24). Where Lw is the winding inductance and k1 is the coupling coefficient.  

 

ia

ia1

ia4

ia2

ia3

 

Rleg
Rleg

Nia1 Nia4

Rleg
Rleg

Nia2 Nia1

Rleg
Rleg

Nia3 Nia2

Rleg
Rleg

Nia4 Nia3

 

(a) (b)     

 

Fig. 2.16 Modular cross coupled inductors (a) balanced ac current path, (b) magnetic circuit. 

 

                                                    𝑳 = 𝐿𝑤 × [
1 𝑘1
𝑘1 1

]                                             (2.24) 

 

2.4. Flux in coupled inductors  

Fundamental flux produced by the flow of ac currents cancel in cross-coupled 

inductors. So mainly high-frequency flux produced by the switched mode voltages across 

the coupled windings exist in the core. When using two inverter legs, Fig. 2.9, each 

winding experiences a PWM voltage step of Vdc/4 for a switching cycle of fs/2. In 

consequence, the peak high frequency flux (ɸHF,pk_2) induced in the core can be expressed 

as (2.25). Where, NT is the number of turns of each winding and fs is the switching 

frequency. Likewise, each coupled winding on a 3-limb core, Fig. 2.13, experiences a 

PWM voltage step of Vdc/3 for a switching cycle of fs/3. This switched mode voltage 

would induced high frequency flux in the core (ɸHF,pk_3), expressed as (2.26). When using 

four interleaved inverter legs, Fig. 2.16 (a), a PWM voltage step of Vdc/2 for a switching 

cycle of fs/4 is experienced. Consequently, the peak high frequency flux induced in the 

magnetic core can be determined with (2.27). The peak flux induced in the magnetic cores 

(ɸHF,pk_4) of coupled inductors for a converter having four inverter legs is higher than the 

peak flux induced in 3-limb cores. This implies that a large magnetic core would be 

required to prevent core saturation, assuming the same number of turns are used in both 

scenarios. This drawback discourages the use of more than three inverter legs in each 

phase of a multi-level coupled inductor converter.   
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                                             ɸ𝐻𝐹,𝑝𝑘_2 = 
𝑉𝑑𝑐

8×𝑁𝑇×𝑓𝑠 
                                                 (2.25) 

                                             ɸ𝐻𝐹,𝑝𝑘_3 = 
𝑉𝑑𝑐

18×𝑁𝑇×𝑓𝑠 
                                               (2.26) 

                                             ɸ𝐻𝐹,𝑝𝑘_4 = 
𝑉𝑑𝑐

16×𝑁𝑇×𝑓𝑠 
                                               (2.27) 

 

Although the flow of balanced ac currents does not produce fundamental flux in 

conventional coupled inductors (CIs), a significant fundamental flux in their core can be 

present; related to the fundamental voltage drop across their windings. Their loosely 

coupled windings have a large series output inductance which is related to the larger 

leakage flux. The flow of fundamental ac currents (iac) through the leakage inductance (Le) 

results in a significant fundamental voltage drop (vd). This increases as the magnitude, 

frequency (ff) and the phase-shift angle (α) of the fundamental ac currents is increased. 

The fundamental voltage drop induces fundamental flux in the magnetic core which 

increases the peak flux (ϕ).  

2.5. Coupled inductor design  

The size and weight of coupled inductors is determined mainly by the high 

frequency flux produced by the switched mode voltage across their windings. The design 

process based on peak flux is divided into four major groups: electrical design, physical 

design, mechanical design, and thermal design. The electrical design determines the flux, 

the number of turns and the inductance value.  

2.5.1. Electrical design 

The voltage difference between interleaved PWM switching inverter legs produces 

flux in the inductors including the fundamental voltage drop. The magnitude of the flux 

produced determines the size and weight of the magnetic core required to avoid saturation. 

The high frequency flux density (BHF) can be determined with (2.28); where NT and ACS 
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are the number of turns and the core cross sectional area. Parasitic dc offset currents 

(Idc_offset) caused by the improper switching of the converter semi-conductors can produce 

dc flux (Bdc) expressed as (2.29). Where 𝑙𝑔 is the length of the inductor air gap. However, 

the dc-offset currents are much smaller than the inductor winding currents (less than 1% 

of the peak of the load current). Fundamental voltage drop (vp) across the windings is 

associated with the inductor leakage inductance. This voltage drops produce a 

fundamental flux (B1), expressed as (2.30). The peak flux in the coupled inductors (𝐵𝑚𝑎𝑥) 

expressed as (2.31) should be smaller than the core saturation flux density (Bsat), (𝐵𝑚𝑎𝑥< 

0.8Bsat). Magnetic cores with a high saturation flux density (1.2 Tesla @ 200oC) and low 

high frequency losses, such as metglas, are preferred in high-power applications. The 

coupled inductor winding inductance (𝐿𝑤) which is related to the effective inductance 

between the parallel-connected inverter legs and can be determined as (2.32). From the 

converter specifications (Vdc, Pout, vline, ipha, and Bmax) and equations (2.28) to (2.32), the 

cross-sectional areas of the inductors, their number of turns, and the winding inductance 

can be calculated. Note that the core cross-sectional areas are inversely proportional to 

their number of turns. These two parameters are carefully chosen to balance core losses 

(Pcore) and copper losses (Pcu) in each core.  

 

                       𝐵𝐻𝐹 =

{
 
 

 
 

𝑉𝑑𝑐

8×𝑁𝑇×𝑓𝑐×𝐴𝐶𝑆
          ;  𝑉𝑆𝐶 𝑤𝑖𝑡ℎ 2 𝐼𝐿𝑃𝑃

𝑉𝑑𝑐

18×𝑁𝑇×𝑓𝑐×𝐴𝐶𝑆
       ;  𝑉𝑆𝐶 𝑤𝑖𝑡ℎ 3 𝐼𝐿𝑃𝑃

𝑉𝑑𝑐

16×𝑁𝑇×𝑓𝑐×𝐴𝐶𝑆
       ;  𝑉𝑆𝐶 𝑤𝑖𝑡ℎ 4 𝐼𝐿𝑃𝑃

                                (2.28) 

 
 

                       𝐵𝑑𝑐 =  
µ×𝑁𝑇×𝐼𝑑𝑐_𝑜𝑓𝑓𝑠𝑒𝑡

𝑙𝑔
                                                                        (2.29) 

                       𝐵1 = 
𝑣𝑝

4×𝑁𝑇×𝐴𝐶𝑆×𝑓1 
                                                                            (2.30) 

                       𝐵𝑚𝑎𝑥 =  𝐵𝐻𝐹 + 𝐵𝑑𝑐 + 𝐵1                                                                  (2.31) 

                       𝐿 =  
µ×𝑁𝑇

2×𝐴𝐶𝑆

𝑙𝑔
                                                                                   (2.32) 
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2.5.2. Physical design 

The size of a coupled inductor magnetic core can be expressed as the core cross-

sectional area (Acs) and the window area (Aw). The core cross-section (Acs) is designed to 

limit the peak high-frequency flux density to avoid core saturation.  The core window area 

(Aw) is designed to host the inductor windings. The dimensions of a family of standard 

metglas cores, Fig. 2.17, were plotted (a vs b, a vs c, & a vs d) to determine the relationship 

between the core dimensions as their sizes changed. The resultant relationships grouped 

into (2.33) approximates the dimensional relationships of standard metglas cores with their 

size. These design guidelines were used together with the core window and cross-sectional 

areas to determine the dimensions of the inductor magnetic cores. The window area (𝐴𝑊) 

using an appropriate fill factor should be large enough to host the coupled windings and 

can be determined with (2.34). The core cross-sectional area (𝐴𝐶𝑆) is expressed as (2.35). 

Where DW is the diameter of the windings, ia1 is the winding currents, J is the current 

density, and Kw is the window utilization factor. The parameters a, b, c and d are the 

dimensions of the core window and cross-sectional areas.  

 

        

(a) (b) 
 

Fig. 2.17 Physical dimensions of the CI cores: (a) 3-Limb core, (b) C-cores. 

 

                                         

𝑐 = 3.2𝑎 + 14 ≥ 𝑁𝑇 × 𝐷𝑊         𝑚𝑚

𝑏 =
𝑐−24 

1.9
 ≥ 4 × 𝐷𝑊                      𝑚𝑚

𝑑 = 2.26𝑎 − 6.667                        𝑚𝑚 

 

𝑒 = 3𝑎 + 2𝑏   (𝐸 − 𝑐𝑜𝑟𝑒)            𝑚𝑚  
𝑒 = 2𝑎 + 𝑏   (𝐶 − 𝑐𝑜𝑟𝑒)               𝑚𝑚  
𝑓 = 2𝑎 + 𝑐                                       𝑚𝑚  }

  
 

  
 

                              (2.33) 
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                                 𝐴𝑊𝑥 = 𝑐𝑥 × 𝑏𝑥 ≥
𝑁𝑥×𝐼𝑥

𝐾𝑤×𝐽 
                                                          (2.34) 

                                 𝐴𝐶𝑆𝑥 = 𝑎𝑥 × 𝑑𝑥 ≥
𝑣𝑥

4×𝑁𝑥×𝐵𝐻𝐹𝑥×𝑓𝑐 
                                           (2.35) 

2.5.3. Mechanical design (winding arrangement) 

The effective output inductance of the coupled inductors under consideration is 

directly related to the leakage flux. This leakage flux can significantly be reduced by 

putting the inductor windings close together, on the same limb. Cross coupled inductors 

have two windings on the same limb which can be wound one over the other to significantly 

reduce leakage flux, Fig. 2.18. The inductance associated with the low leakage flux allow 

for: (a) a rapid transient response and power reversal, (b) operation at very high 

fundamental frequencies with a very small fundamental voltage drop across the inductor 

windings. A thin tape is used to thermally isolate the different winding layers and to 

increase the voltage breakdown of the winding insulation.  

Coupled 

windings 
tape

Magnetic core

Air gap

Coupled 

windings 

Coupled 

windings 

                  

Coupled 

windings 
tape

Magnetic core

Air gap

Coupled 

windings 

Coupled 

windings 

 

(a) (b) 

 

Fig. 2.18 Cross-sectional view of cross coupled inductors: (a) 3-limb CI, (b) 2-limb CI. 
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2.5.4. Thermal design 

Design estimations for the copper and core losses relative to the core size are 

necessary in a thermal design to prevent the coupled inductors cores from heating up to the 

curie temperature (Tcurie) and to prevent the degradation/breakdown of the winding 

insulation. Inductor losses can be a balance between copper and iron losses as the core 

cross-section is a trade off with the window available for the inductor windings. Loss 

minimization can be a result of designing so that the copper and core losses are equal. The 

core losses of the coupled inductors (𝑃𝑐𝑜𝑟𝑒) can be expressed as (2.36) using the average 

flux density (Bav) and mass (M) of the coupled inductors: simulated core losses obtained 

the core losses per switching cycle and averaged these losses over a fundamental cycle. 

The coupled inductor copper losses (𝑃𝐶𝑈) are expressed as (2.37). Where MLT, is the 

average mean length turn of inductors and ρcu is the resistivity of copper. If the core and 

copper losses of the coupled inductors differ by a significant factor (> 30%), the core cross-

sectional area and the number of turns of the inductor windings are recalculated in the 

electrical design sub-section to balance the losses. The temperature rise of the inductors 

(∆T) designed to be air-cooled can be predicted with equation (2.38). Active cooling 

techniques with the help of a fan or liquid cooling could be used to further reduce the 

temperature of the coupled inductors. Metglas cores were used in the inductor designs, they 

have a curie temperature of 450 oC and have low core losses for PWM frequencies in the 

range of 10 ~ 20 kHz. The coupled inductors used in this thesis were designed to have a 

temperature rise (∆T) of 60 oC. The coupled inductor design flowchart is presented in Fig. 

2.19. 

 

                                𝑃𝑐𝑜𝑟𝑒 =  6.5 × 𝑀 × 𝑓𝑐
1.51 × 𝐵𝑎𝑣

1.74                                        (2.36)  

                               𝑃𝐶𝑈 = 𝑖𝑎
2 × 𝜌𝐶𝑢 × 𝑁𝑇 ×𝑀𝐿𝑇 ×

4

𝜋×𝐷𝑊
2                                 (2.37) 

                                ∆𝑇 = 450 (
 𝑃𝑐𝑜𝑟𝑒+𝑃𝑐𝑢

𝐶𝐼 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎
)
0.826

                                              (2.38) 
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▪ System Specifications : Pout, vout, iout, J

▪ Select the core material and determine (Bmax): Bmax≤0.8Bsat

▪ Calculate the winding cross sectional area and diameter: DW

▪ Calculate the core cross-sectional area : ACS

▪ Calculate the number of turns: NT

▪ Calculate the CI winding inductance : Ls

▪ Determine the core dimensions

▪ Double check the dimensions of the core window area is big

enough to host the coupled windings.

▪ The windings on each limb are placed one over the other to

minimize the leakage inductance

&&

Mechanical 

▪ Calculate core losses (Pcore)

▪ Calculate Cu losses (PCu)

&&
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Fig. 2.19 Coupled inductor design flowchart. 
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2.6. Simulations 

A dc-link of 300V and a switching frequency of 20 kHz was used to simulate and 

compare the performance of a 3-limb inductor using cross coupled windings vs 

conventional windings in a high-frequency electric drive having three parallel-connected 

inverter legs in each phase. Unlike the conventional coupled inductor, the 3-limb cross-

coupled inductors experienced a very low fundamental voltage drop across its windings 

even when used to generate high-frequency fundamental PWM outputs in the kilohertz 

range. The fundamental voltage drop in the conventional coupled inductor distorts the 

converter output voltages. The output voltage waveforms (vpha, vline) of the electric drive 

using both inductor types are compared when it operates at different amplitude modulation 

index (ma), see Fig. 2.20.  

 

vpha

vline

ia,ib,ic /A

ma=0.1 ma=0.7 ma=1

 

  (a)     

ma=0.1 ma=0.7 ma=1

vpha 

vline 

ia,ib,ic /A

 

(b) 

Fig. 2.20 Output waveforms of a VSC operating with a fundamental frequency of 2.5 kHz using 

(a) conventional 3-limb CIs, (b) 3-limb cross coupled inductors: Vdc= 300 Vdc, Lw = 0.8mH, Lf= 

30 uH, ff=23kH. 
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The fundamental voltage drop across the conventional coupled inductors significantly 

increases as the frequency of the fundamental currents increases and reduces the voltage 

across the load. The dc-link voltage can be increased to compensate for this fundamental 

voltage drop. The drawback of this approach is that it increases switching losses and 

reduces the overall system efficiency. When using cross coupled windings, the 

fundamental voltage drop is very small even when generating fundamental frequencies in 

the kilohertz range, see Fig. 2.21. The flux in coupled inductors with cross-coupled 

windings is mainly the high frequency flux induced by the high-frequency switched mode 

voltage across their windings, Fig. 2.22. The peak flux in conventional coupled inductors 

increases as the magnitude of the winding currents increases, Fig. 2.23 (a), and can even 

double when the drive operates with a low power factor (PF ≪1), see Fig. 2.22 (b) and Fig. 

2.24. However, the relatively large leakage inductance can be used to lower unwanted 

harmonics from the load currents. 
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Fig. 2.21 Fundamental voltage drop across interface 3-limb coupled inductors, ia = 30 A. 
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Fig. 2.22 Flux in 3-limb CIs with cross coupled windings, ff= 1.1 kHz. 
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The current total harmonic distortion (THDf) of an electric drive using a 3-limb inductor 

for both winding types was compared. The electric drive using conventional inductors 

produced lower current THDf because it’s larger leakage inductance adds to the ac filter 

inductance to filter unwanted harmonics from the load currents, see Fig. 2.25. 
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  (b)     

Fig. 2.23 Flux in conventional 3-limb CIs (a) VSC operating with a unity power factor at different 

current magnitudes (b) VSC operating with the same current magnitude at different power factors, 

ff= 60 Hz. 
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Fig. 2.24 Flux in the magnetic core of interface coupled inductors, Vdc=300 V, ff = 60 Hz, ia1 = 10A 

(a) 3-limb cross coupled inductors operating at unity power factor, (b) conventional 3-limb CI 

operating a unity power factor, (c) 3-limb cross coupled inductors operating with a low power 

factor, (d) conventional 3-limb CI operating with a low power factor. 

 

 

Fig. 2.25 Current THDf of the high frequency electric drive. 
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2.7. Experimental verification  

Inductors with cross-coupled windings were designed based on peak flux rather 

than temperature rise using metglas amorphous cores and tested using high-frequency 

outputs. An 11 kW (300Vdc, 208Vac/30A) laboratory prototype having two, three and 

four inverter legs in each phase were tested using and an R-L load over a wide range of 

fundamental frequencies.  

 

2.7.1. Two inverter legs 

The parameters of the crossed coupled winding inductor used for a voltage source 

converter having two parallel-connected inverter legs per phase, is presented in Table 2.2. 

A DSP controller was used to perform experimental test over a wide range of fundamental 

frequencies (60 Hz ~ 1.1 kHz). The experimental setup is presented in Fig. 2.26. The 

system produced 3-level phase (vpha) and 5-level PWM line voltages (vline). Note that the 

converter produces waveforms with flat voltage levels even when generating high-

frequency fundamental outputs in the kilohertz range, Fig. 2.27 (a). The flat distinct voltage 

waveforms reveal that an insignificant fundamental voltage is dropped across the inductor 

winding.  

 

Table 2.2: Parameters of the Coupled inductors for a converter with two inverter legs per phase 

 

Parameters values 

Core type AMCC 4 

Wire gauge 22*2 

NT 21 turns 

Lw 0.2 mH 

LL 2.1 uH 

Lcir 3.1 mH 

R-L load 3.5 Ω, 70 µH 

fc 20 kHz 
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CIs with cross 

coupled windings

Power Electronics

DSP card

 

 

Fig. 2.26 Experimental setup of a converter with two parallel-connected inverter legs per phase, 

Vdc = 300V, fc= 20kHz, Pw= 11 kW (208V/ 30A). 

 

Since the core flux could not be measured experimentally, the difference the two 

currents (icir = ia1 – ia2) was used to represent the flux in the core.  The measured circulating 

current, hence the core flux, have had no fundamental components, Fig. 2.27 (b). The 

experimental results implies that the coupled inductors with cross coupled winding 

inductor can be designed based upon the high-frequency flux in the magnetic core, thereby 

reducing the size/ weight of the magnetic core.  
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(10A/div)

(200V/div)
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  (a)     

vline (100/div) 

ia, ib, ic (5/div) 

icir (1/div) 

 

  (b)     

Fig. 2.27 Experimental waveforms of a VSC with two interleaved inverter legs operating with (a) 

1.1 kHz fundamental output voltage, (b) 60 Hz fundamental output voltage, Vdc = 300V, fc= 

20kHz, Pw= 11 kW (208V/ 30A). 

 

2.7.2. Three inverter legs  

Three 3-limb coupled inductors using six windings, two winding per limb, having 

the same number of turns (NT) were designed based on peak flux for a voltage source 

converter using three inverter legs per phase. The windings of the coupled inductors were 

first cross coupled (CICS), see Fig. 2.28 (a) and later rearranged such that the two windings 

on the same limb were connected in series, conventional connection using a winding with 

2N turns (CINCS), see Fig. 2.28 (b).   
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                                   (a)                                                                             (b) 

Fig. 2.28 Coupled inductor winding arrangements (a) 3-limb CI with cross coupled windings, (b) 

conventional 3-limb CI. 

 

The parameters of the designed 3-limb coupled inductors are shown in Table 2.3. 

Note that the series output inductance (LL) of the cross coupled winding arrangement (CICS) 

is significantly smaller, 3% of the inductance of conventional inductors (CINCS). The 

inductance in the circulating current path for the cross coupled arrangement 25% smaller 

then when using conventional windings. Consequently, conventional coupled windings are 

better than cross coupled windings at filtering the flow of circulating currents, see Fig. 

2.29. However, conventional windings at the phase output terminal experience a significant 

fundamental voltage drop which would reduce the voltage across the load, induces 

fundamental flux in the magnetic core and increases the core peak flux, Fig. 2.30. 

Experimental tests were done over a wide range of fundamental frequencies (60 Hz ~ 5.0 

kHz) using an R-L load (3.5 Ω, 30 µH), a switching frequency of 23 kHz and the PLECS 

RT-Box as a digital controller. 

 

 Table 2.3: Parameters of the Coupled inductors for a converter with three inverter legs per phase 
 

 
Parameters CICS CINCS 

Core type & 

dimensions 

Metglas (Bsat =1.2T @ 200 oC) 

(Acs=0.75 cm2, Aw=2.71 cm2, mass=91g) 

Wire gage 18 AWG (0.262mm2/20.94 mΩ/m) 

NT 38 (N) turns 76 (2N) turns 

Winding length 1.9 m 3.8 m 

wire mass 26.76 g 26.76 g 

Lw 0.8 mH 3.2 mH 

LL 1.7 uH 60 uH 

Lcir 5.1 mH 6.9 mH 

Mass of CIs 3*117.8 g 3*117.8 g 
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Fig. 2.29 Circulating current between the parallel-connected inverter legs, Vdc =300V, ff =2.5 kHz, 

fs= 23kHz, ia = 30A. 
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Fig. 2.30 Fundamental voltage drop across the interface coupled inductors, Vdc =300V, ff =2.5 kHz, 

fs= 23kHz, Pout = 11kW. 

 

The designed coupled inductors and the experimental setup are presented in Fig. 

2.31 and Fig. 32 respectively. The system generates 4-level phase (vpha) and 7-level PWM 

line voltages (vline).  The output voltage waveforms using conventional winding (CINCS) 

were distorted; because of the leakage inductance voltage drop, Fig. 2.33. However, when 

using cross coupled windings, the PWM voltage level were flat, Fig. 2.34. The measured 

waveforms clearly indicate that cross coupled windings experience an insignificant drop in 

the output voltage even when producing high-frequency fundamental outputs in the 

kilohertz range. Since the flux in the core cannot be measured experimentally, the 

Cross coupled inductors 

Conventional coupled inductors 

 

 

 

 

 

 

 

Cross coupled inductors 

Conventional coupled inductors 



44 

 

circulating current difference (icir = ia1 – ia3) which has the same waveform as the flux in 

the magnetic core was measured. When cross coupled inductors were used, the circulating 

current difference (icir) between the inverter legs had no fundamental component, see Fig. 

2.35 (a). However, when using conventional winding inductors, the circulating current 

difference (icir) between the inverter legs had a significant fundamental component, Fig. 

2.35 (b).  

 

3-limb CIs (CICS & CINCS) 70 uH load inductor 

 
 

Fig. 2.31 Designed 3-limb coupled inductors. 

 

 

 

 

Fig. 2.32 Experimental setup of a converter with three parallel-connected inverter legs per phase. 
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These measurements confirm that the flux in the conventional coupled inductor can 

have a significant fundamental component which could double the peak flux and the size 

of the core required to avoid saturation, especially when the voltage source converter is 

operated with a low power factor.  

 

     

(a) (b) 

 

     

(b) (d) 

 

Fig. 2.33 Experimental waveforms of the converter using 3 ILPP and conventional 3-limb inductors, 

(a) PWM phase voltages and inductor winding currents, ff =2.5 kHz, (b) PWM line voltage and 

converter load currents, ff =2.5 kHz, (c) PWM phase voltages and inductor winding currents, ff = 5 

kHz, (d) PWM line voltage and converter load currents, ff =2.5 kHz, Vdc =300V, fs= 23kHz, Pout = 

11kW.  
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                                   (a)                                                                                        (b) 

     

                                   (c)                                                                                        (d) 

Fig. 2.34 Experimental waveforms of the converter using 3 ILPP and 3-limb inductors with cross 

coupled windings, (a) PWM phase voltages and inductor winding currents, ff =2.5 kHz, (b) PWM 

line voltage and converter load currents, ff =2.5 kHz, (c) PWM phase voltages and inductor winding 

currents, ff = 5 kHz, (d) PWM line voltage and converter load currents, ff =2.5 kHz, Vdc =300V, fs= 

23kHz, Pout = 11kW.  

 

   

                                   (a)                                                                                        (b) 

Fig. 2.35 Experimental waveforms of the circulating currents between the interleaved inverter legs, 

(ff=2.5 kHz) (a) 3-limb CIs with cross coupled windings, (b) conventional 3-limb CIs. 
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2.7.3. Four inverter legs 

Modular coupled inductors using C-shaped cores and cross-coupled windings were 

designed and built to demonstrate their feasibility in a voltage source converter having four 

inverter legs in each phase.  Experimental tests were done using an R-L load (3.5 Ω, 30 

µH), a switching frequency of 20 kHz and the PLECS RT-Box as a digital controller. The 

inductor parameters and the experimental setup of laboratory prototype are presented in 

Table 2.4 and Fig. 2.36 respectively. Measurements reveals that the modular inductors 

present a high inductance (Lcir) between the parallel-connected inverter legs to supress the 

flow of circulating current and a very low series output inductance (Lcir). These 

characteristics result in the even distribution of the load currents between the inverter legs 

without the need for a current controller. In addition, the low series output inductance can 

have rapid dynamic response with negligible drop in the phase output voltage. The system 

generates 5-level phase (vpha) and 9-level PWM line voltages (vline) with a very low 

harmonic content, see Fig. 2.37. Note that the converter output voltage waveforms have 

flat voltage levels which indicates an insignificant fundamental voltage drop across their 

windings. A circulating current difference (icir) was measured to represent the flux in the 

core. This current had no fundamental component, Fig. 2.37 (a). In consequence, modular 

coupled inductors using cross coupled windings can be designed for high frequency flux 

patterns. 

 

 

 Table 2.4: Parameters of the Coupled inductors for a VSC with four inverter legs per phase 

 
Parameters values 

Core size (ACS/AW) 0.47 cm2/ 1.79 cm2 

Wire gauge 22*2 

 Lw 1 mH 

 LL 1.6 uH 

 Lcir 3 mH 
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PLECS RT Box

Filter Inductor

Modular CI

 

 

Fig. 2.36 Experimental setup of a converter with four parallel-connected inverter legs per phase. 

vpha (50V/div)

icir (1A/div)

ia1, ia2, ia3, ia4 

(10A/div)

ia (10A/div)

va (1V/div)

 

vline (50V/div)

ia, ib, ic (10A/div)

 

                                   (a)                                                                                        (b) 

Fig. 2.37 Experimental waveforms of a converter having four interleaved inverter legs in each 

phase (a) reference signal, PWM phase voltage, circulating current, winding and load currents (b) 

PWM line voltage and load currents, ff =60 kHz, Vdc =300V, fs= 20kHz, ia = 10 A. 

2.8. Conclusion. 

The performance of inductors with cross coupled windings is presented for 

connecting parallel inverter legs. Two windings are connected in series with each inverter 

leg output and each winding located on separate magnetic cores or separate limbs of the 

same core. These inductors can be implemented with converters having an arbitrary 

number of parallel-connected inverter legs per phase. Windings located on the same limb 
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are more coupled than when located on separate limbs and have a low leakage flux that 

reduces electromagnetic emissions (EMI).  

For three inverter legs connected in parallel using 3-limb cores and crosss coupled 

windings have an inductance, 6.75Lw, in the circulating current path that is 25% smaller 

than using conventional current coupled inductor windings, 9Lw. Consequently, 

conventional coupled inductors in the 3-limb case are slightly better at filtering high 

frequency circulating currents than cross coupled windings. However, the series phase 

output inductance with cross-coupled windings can be 3% that of conventional coupled 

windings. This low series output inductance favors rapid transient responses and the 

production of high-frequency fundamental multi-level PWM outputs in the kilohertz. 

Conventional coupled windings can experience a significant fundamental voltage drop 

across at their phase output terminals which reduces the voltage across the load. The dc-

link voltage can be increased to compensate this fundamental voltage drop, but this also 

increases switching losses.  

For conventional coupled windings, the droop with the increasing load current in 

the phase fundamental output voltage increases as the magnitude phase-shift and as the 

frequency of the converter currents increases. This voltage induces fundamental flux in the 

magnetic core which can significantly increase the peak flux and the size/weight of the 

core required to avoid saturation. Output voltage drop is very small when using cross 

coupled windings. In consequence, these inductors can be designed more precisely, and 

their size/weight can be smaller, solely related to the peak high-frequency flux in the core. 

Inductors using cross coupled windings are useful to reduce the size/weight of the 

magnetics in high-power voltage source converter. Target applications include 

uninterrupted power supplies, flywheel energy storage systems, and high-frequency 

electric drives in mobile applications where lightweight magnetics are required.  
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Chapter 3 

Parallel VSCs using DC and an AC Filters. 

 

The converter and coupled inductors presented separate the filtering of the common 

mode (CM) and differential mode (DM) PWM voltages experienced between two 3-phase 

parallel converters. A 3-limb coupled inductor (CI), between the 3-phase output terminals 

of the two converters to filter differential mode circulating currents. A DC common mode 

choke is located between the two converter dc input terminals to filter common mode 

circulating current, see Fig. 3.1 (a). The combined weight of the two coupled inductors can 

be 13% smaller with 16% lower losses when compared with using three C-shaped cores to 

connect the converter output terminals in each phase, representing a conventional 

arrangement, see Fig. 3.1 (b). 

Two 3-phase converters (six switch) can be connected in parallel using a range of 

coupled inductor types. These coupled inductors (CIs) can be designed to have a high 

inductance for control circulating currents, combined with a low per-phase output 

inductance. Conventional CIs use 3 C-shaped cores, one in each phase of the parallel-

connected converters, Fig. 3.3. The 3-phase PWM voltage between the two converters (e.g 

va1-va2) consists of two PWM components, common mode, and differential components, 

expressed as (3.1) and (3.2), see Fig. 3.2. Two separate cores can be used to separately 

filter the common and differential PWM voltage components in the circulating current path. 

The two inductor types presented places a 3-limb ac inductor between the output terminals 

of the two converters and a dc inductor or dc choke between the two converter dc input 

terminals, see Fig. 3.1 (a).  
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ib2

ia ib ic

Conventional CI

 

                  (b) 

Fig. 3.1 Parallel-connected voltage source converters with (a) a dc choke & a 3-limb coupled 

inductor, (b) conventional coupled inductors. 

 

                                       𝑣𝐶𝑀 =
(𝑣𝑎1−𝑣𝑎2)+(𝑣𝑏1−𝑣𝑏2)+(𝑣𝑐1−𝑣𝑐2)

3
                              (3.1) 

                                      𝑣𝐷𝑀 = (𝑣𝑎1 − 𝑣𝑎2) − 𝑣𝐶𝑀                                            (3.2) 
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                                             (a)                                                            (b) 

Fig. 3.2 PWM voltage between two interleaved PWM switching converters. (a) Waveforms over 

one fundamental cycle. (b) Expanded waveforms over a few switching cycles.  

 

The 3-limb ac inductor filters circulating currents due to the differential mode 

PWM voltage and the dc inductor or dc choke filters circulating currents due to the 

common mode PWM voltage. The dc choke uses four windings in contrast to the six 

required for an equivalent common mode 3-phase ac choke. When using conventional 

coupled inductors with a C-shaped core in each phase the PWM voltages between 

interleaved PWM switching converters (e.g va1-va2) VCM and VDM is dropped across the 

inductor windings. Similarly, the dc common mode choke absorbs the common mode 

voltage, VCM, producing a common mode flux (ΦCM), and the 3-phase differential mode 

inductor absorbs differential mode voltage, VDM, producing a differential mode flux (ΦDM). 

3.1. Modulation techniques for parallel VSCs  

Conventional modulation schemes for parallel-connected converters, like the 

sinusoidal PWM scheme (SPWM), used a set of evenly phase shifted carries and the same 

sinusoidal reference signal in each phase to control the switching of the converters. When 

two voltage source converters are interleaved, a 00 carrier is used to control one converter 

and a 1800 carrier is used to control the other converter. This modulation scheme generates 

5-level PWM line voltages, but the quality of the converter PWM line voltage is poor, see 
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Fig. 3.3 (a). The quality of the PWM line voltage can be improved by swapping between 

two sets of evenly phase shifted carriers, modified SPWM, that uses lagging and leading 

carriers, see Fig. 3.3 (b). When two inverter legs in one phase have modified interleaved 

switching, the carrier for one inverter leg changes from 00 to 900 and the other 1800 and 

2700 on the zero crossing of the phase reference signals [4], [101]. An alternative approach 

modifies the reference signals to produce high quality multi-level PWM line voltages [9], 

[102]. The phase angle of the carriers used to parallel-connected voltage source converters 

having an arbitrary number of inverter legs in each phase is presented in Table 3.1. The 

harmonic volt-second of the PWM line voltage of a converter using the sinusoidal PWM 

scheme with and without carrier swapping (SPWM, M_SPWM) are compared in Fig. 3.4. 
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Fig. 3.3 PWM line of a voltage source converter having two parallel-connected inverter legs per 

phase using (a) SPWM (b) modified SPWM.  

 

Table 3.1: Phase-shifted carriers for parallel-connected converters 

 

Number of ILPP Lagging carrier Leading carrier 

2 

3 

4 

n 

00, 1800 

00, 1200, 2400 

00, 900, 1800, 2700 

360 × [0, 
1

𝑛
, 
2

𝑛
…, 

𝑛−1

𝑛
 ] 

900, 2700 

600, 1800, 3000 

450, 1350, 2250, 3150 

360 × [0, 
1

2𝑛
, 
3

2𝑛
…, 

2𝑛−1

2𝑛
 ] 
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Fig. 3.4 Line voltage harmonic volt-seconds of a voltage source converter having two-five parallel-

connected inverter legs per phase using (a) fixed carrier phases for each inverter leg (b) modified 

SPWM (carrier swapping).  

 

The modified SPWM scheme generates higher quality PWM line voltages which can more 

easily be filtered using a smaller ac inductor. However, the carrier swapping causes the 

flux (ΦCI, ΦCM, ΦDM) to jump whenever the phase of the carriers is changed. The flux jump 

in the inductors generates dc offsets, increases the peak flux, and the size/weight of the 

core has to be increased to avoid saturation, Fig. 3.5 and Fig. 3.6. Carrier transitions 

techniques were investigated to prevent these flux jumps when producing high quality 

outputs [7], [8], see Fig. 3.7. 
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                                             (a)                                                            (b) 

Fig. 3.5 Waveforms of the high-frequency flux in the conventional CIs, 3-limb CI and the dc choke 

when using the SPWM scheme (a) ma = 0.3, (b) ma = 1.15.  
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                                             (a)                                                            (b) 

Fig. 3.6 Waveforms of the high-frequency flux in the conventional CIs, 3-limb CI and the dc choke 

when using the modified SPWM scheme (a) ma = 0.3, (b) ma = 1.15. 
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Fig. 3.7 Waveforms of the flux in the conventional CIs, 3-limb CI and the dc choke when using the 

modified SPWM scheme and the carrier transition technique (a) ma = 0.3, (b) ma = 1.15. 
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Modified SPWM (M_SPWM) using the carrier transition techniques is used 

throughout this chapter to produce high quality 5-level PWM line voltages when 

comparing the performance of three types of coupled inductors. The peak flux (ΦCM, ΦDM) 

produced by the common mode and differential mode PWM voltage components (vCM, vDM) 

are both 30% smaller than the peak flux (ΦCI) produced by the two voltages combined, 

VCM + VDM, (e.g va1–va2), see Fig. 3.8. Appropriate design procedures reveal that an inductor 

size and weight can be mainly based upon the core peak flux as opposed to the power losses 

and maximum core temperature rise. In consequence, the 30% lower peak flux results in a 

combined size/weight for the dc choke and 3-limb inductor to be smaller than using three 

conventional C-shaped core coupled inductors. The 3-phase outputs at the center tap of the 

3-limb coupled inductor windings in each phase have a very low effective per-phase output 

inductance. Consequently, the proposed converter structure can supply very high-

frequency fundamental output voltages.  
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Fig. 3.8 High-frequency flux in the three coupled inductors.  

3.2. Electrical model for coupled inductors 

There are multiple voltages and current paths in parallel connected voltage source 

converters. The common mode (CM) and differential mode (DM) PWM voltages (vCM and 

vDM) refer to the voltage difference between the output of two converters without inductors. 
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These two voltage components are dropped across any inductance placed in the path of the 

circulating currents. A coupled inductor can be designed to have a separate inductor value 

for the common mode and differential mode components separately (LCM, LDM). A third 

significant inductance concerns the inductance in series with the phase output terminal (LL). 

The models presented assume that each winding has the same number of turns NT. For each 

coupled inductor type, the reference winding inductance Lw is defined as the winding 

inductance experienced when only that winding is excited and the other windings on the 

same core are open circuit. 

 

3.2.1. Conventional coupled inductors 

Two coupled windings located on separate limbs of a C-shaped core, referred to as 

conventional coupled inductors see Fig. 3.9 (a) are placed in series between the two 

converter output terminals. This inductor controls circulating currents due to the PWM 

voltage difference between the output terminals vx1-vx2 (x refers to the 3 phases a, b, or c). 

Hence both components of the PWM voltage difference (CM and DM) are dropped across 

the two windings, see Fig. 3.9 (a). The effective inductances (LCM, LDM) for common mode 

and differential mode voltages (vCM, vDM) have the same value and are expressed as (3.3). 

Balanced ac currents in each winding (e.g ia1, ia2) form the output current in each phase of 

the voltage source converter, see Fig.3.9 (a). The coupled inductor forms a high inductance 

path for unbalanced currents, effectively forming a circulating current component, and a 

low inductance for the phase output current, see Fig. 3.9 (b). The effective series output 

inductance (LL) is related to leakage inductance (Le) and is expressed as (3.4). The 

characteristics forces the two ac currents ia1 and ia2 to be balanced and equal. 

 

                                                   𝐿𝐶𝑀 = 𝐿𝐷𝑀 ≈ 4𝐿𝑤                                                  (3.3) 

                                           𝐿𝐿 =
1 

2
𝐿𝑒                                                                 (3.4) 
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                                           (a)                                                                       (b) 

Fig. 3.9 Electrical model of conventional coupled inductors (a) CI equivalent circuit on the path of 

the voltage between the VSCs, (b) CI equivalent circuit to the flow of balanced ac currents. 

 

3.2.2. 3-Limb coupled inductors 

Six windings are located on a 3-limb core, two windings on each limb, Figs. 3.10 

(a). The 3-phase differential mode (DM) component of the PWM voltage difference 

between the two converters (vDM) progress through a series of switching states where: two 

windings on one limb are shorted by the converter; two windings on a second limb are 

excited, one with a positive voltage; and the other two windings on the third limb are 

excited with a negative voltage. Noting that Lw is a winding inductance when it alone is 

excited, then the effective inductance in the path of the differential mode PWM voltages 

(LDM) can be appreciated with reference to the equivalent circuits in Fig. 3.10 (a) and (b) 

and is given by (3.5) derived in section 2.3.2. The common mode PWM voltage (vCM) 

excites all three limbs identically, see Fig. 3.10 (c) and the effective inductance for this 

voltage (CM) voltage is related to the leakage inductance of each winding (Le) and can be 

expressed as (3.6). The leakage flux produced by the common mode PWM voltage can 

flow through each limb but not interlimb; hence, the 3-limb core cannot effectively filter 

common mode circulating currents. The phase output ac current equally flows through the 

two-coupled windings located on the same limb. Hence, a low inductance path (LL) exists 

for these balanced currents and a large inductance between the inverter leg output terminals. 

Therefore, the fundamental phase output current does not produce a significant flux in the 

core and the effective series output inductance in each phase (LL) can be expressed as (3.7) 
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                            (a)                                         (b)                                             (c) 

Fig. 3.10 Equivalent circuits of the 3-limb coupled inductor. (a) DM voltages across the CI 

windings. (b) DM circuit. (c) CM circuit. 

                                      𝐿𝐷𝑀 = 3𝐿𝑤                                                                     (3.5) 

                                      𝐿𝐶𝑀 =
2 

3
𝐿𝑒                                                                    (3.6) 

                                      𝐿𝐿 =
1 

2
𝐿𝑒                                                                       (3.7) 

 

3.2.3. DC choke 

Four windings are placed on one C-shaped core, with two windings located on each 

limb, Fig. 3.11. The 4 windings are coupled in such a way that they present a large 

inductance between the two dc terminals of the two converters, hence a large inductance 

is presented in the circulating paths for the common mode PWM voltage (vCM), Fig. 3.33 

(a). The common mode inductance (LCM) is determined by (3.8). The equivalent circuit for 

the differential mode PWM voltage, Fig. 3.11 (b), has a circulating current path through 

both windings on the same limb that does not produce flux in the core, a very low leakage 

flux exists between these two windings. Hence, the dc-choke cannot effectively filter 

differential mode circulating current. The effective inductance produced by the dc choke 

for the differential mode PWM voltage (LDM) can be expressed as (3.9). Since the two 

voltage source converters have capacitance across their dc input terminals, they provide a 

decoupling effect where the effective output inductance per phase is related to the leakage 
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inductance of the 3-limb core only. Lastly, one feature worthy of note is the current drawn 

from the dc supply through the windings of the dc choke, see Fig. 3.11 (c). The dc input 

current has a circuit path that includes the winding resistances and the leakage inductance 

related to two windings located on the same limb. The close coupling of these windings 

presents a low inductance for balanced currents during transients and a high inductance for 

unbalanced currents. Similar to the phase output currents, hence, rapid changes in the dc 

supply input currents are possible during transients, The effective series inductance of the 

dc-choke (LL) is determined as (3.10). 
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                                  (a)                                       (b)                                           (c) 

Fig. 3.11 Electrical model of the dc choke (a) CM circuit, (b) DM circuit, (c) Balanced dc currents. 

 

                                      𝐿𝐶𝑀 ≈ 4𝐿𝑤                                                               (3.8) 

                                      𝐿𝐷𝑀 =
1 

2
𝐿𝑒                                                               (3.9) 

                                      𝐿𝐿 =
1 

2
𝐿𝑒                                                                 (3.10) 

 

3.3. Simulations 

Semiconductors and inductors losses, hence the power conversion efficiencies of 

the dual voltage source converter system were obtained. The simulation compares the 

system performance between using the conventional coupled inductors using C-shaped 

cores versus the dc choke with the 3-limb inductor (or dual coupled inductor in short). The 
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experimental coupled inductors used were designed based on the peak flux in the core and 

their parameters are compared Tables 3.2 and 3.3.  

Table 3.2: Parameters of the designed coupled inductors. 

 
 1 Conventional CI 3-Limb DC choke 

Material Iron based metglas amorphous alloy 

Bmax 0.72 T 0.7 T 0.74 T 

Core 

Size 

ACS 1.35 cm2 0.8cm2 1.35cm2 

AW 3.3 cm2 2.66 cm2 3.3 cm2 

Wire AWG 15, 10.44 mΩ/m 

N0 of turns 26 turns 23 turns 17 turns 

LW 0.76 mH 0.71mH 0.65 mH 

LL 3.8uH 0.4 uH 0.32uH 

LCM 3.01mH 0.25 uH 2.54mH 

LDM 3.01mH 2.12 mH 0.31uH 

Core volume 12.91 cm3 12.67 cm3 12.91 cm3 

Core mass 92.67 g 90.95g 92.67 g 

Wire mass 53.81 g 102.0 g 95.21 g 

Wire volume 6.0 cm3 11.39 cm3 10.63 cm3 

Core & Cu volume 18.91 cm3 24.05 cm3 23.53 cm3 

Core & Cu mass 146.48 g 192.96 g 187.88 g 

CI Eff 
ma=0.1 57.3 85.3 82.5 

ma=1.15 99.7 9.83 99.84 
  

Table 3.3: Comparing the size and performance of the designed coupled inductors. 

 

 
3 Conventional 

CIs 

3-Limb & dc 

choke 
Difference 

Core volume 38.72 cm3 25.57 cm3 -34% 

Core mass 278.01 g 183.6 g -34% 

Wire mass 161.44 g 197.21 g +22 % 

Core & Cu volume 56.74 cm3 47.58 cm3 -16.4% 

Core & Cu mass 439.45 g 380.84 g -13.4% 

Eff of the 

VSC 

ma=0.1 42%     61%          +45.2% 

ma=1.15 99.7 %   99.8% +0.1% 

THDf 
ma=0.1 5.85% 5.95%              +1.7% 

ma=1.15 4.5% 4.53%               +0.6% 

 

 Silicon carbide (SiC) switching devices (SCT3120AL, 650 V/21A/120 mΩ) were 

used to simulate the dual voltage source converter. Switch datasheet information was 

programmed into PLECS simulation software to estimate the semiconductor losses due to 

factors such as conduction, switching, and diode reverse recovery. Linear models were 

used to simulate the coupled inductors and resistance of the inductors operating with a 

temperature rise of 60 °C. Various power losses were compared between using the 
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proposed dual coupled inductor versus the conventional coupled inductors. The simulated 

inductor peak flux density per switching cycle was used with the inductor design 

parameters in Tables 3.2 and 3.3. Inductor loss equations were then used to estimate the 

switching cycle inductor losses, and then averaged over a fundamental cycle to obtain the 

average inductor power losses.  

The dual voltage source converter using both inductor types produced high-quality 

5-level PWM line voltages (vline) with a fundamental frequency of 600 Hz, see Fig. 3.12. 

The flat voltage levels in the waveforms illustrates the high coupling between the two 

windings located on the same limb for the 3-limb coupled inductor hence has a very low 

fundamental output voltage droop when compared with conventional coupled inductors 

using C-shaped cores, Fig. 3.13. This is as a result of the tight coupling between windings 

located on the same limb for the 3-limb coupled inductor as compared with the weaker 

coupling between windings on separate limbs for the conventional CI.  
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Fig. 3.12 Simulated waveforms of the parallel-connected VSCs using the 3-limb CI and the dc 

choke, f1 = 600 Hz. 
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Fig. 3.13 Output fundamental voltage drop with fundamental frequency. 

For the loss results presented in Figs. 3.14–3.18, the load current was changed 

proportionally with the output voltage hence the modulation index (ma). The loss 

differences between the dual CI and the conventional CIs, see Figs. 3.14 – 3.16 were 

obtained by taking the average of the loss differences over the range of amplitude 

modulation index (ma) used. The inductor core losses show that the dual CI have an 

average loss 40% smaller than the conventional CIs, including 40% less when the losses 

are at their minimum, ma= 1.15 in grid connected converters.  

The inductor copper losses, Fig. 3.15 for the dual CI are considered to have an 

average 24% higher loss over the range of amplitude modulation index used, 

approximately 41% where the losses are at their highest. However, note that the output 

voltage for the conventional CI dropped significantly as the amplitude modulation index 

was increased, resulting in a lower output current, hence lower Cu losses. When averaged 

over the range of amplitude modulation index considered, the dual CI have a 16% lower 

total loss. This is due to the core losses being significantly higher than the Cu losses. When 

the dual voltage source converter is operated with the same output power for both inductor 

cases, similar semiconductor losses were experienced, see Fig. 3.16, with the dual CI 

having slightly higher losses at high amplitude modulation index and slightly lower losses 

at low amplitude modulation index. The small differences can be related to slight variations 

in the system currents as a result of using the two inductor types. The dual CI can be said 

to be competitive with the conventional CI when it comes to the semiconductor losses. The 
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dual CI has a slightly higher overall efficiency when they operated at a low amplitude 

modulation index (ma < 0.5) (see Fig. 3.17). When comparing the power conversion 

efficiency of the coupled inductors alone, the dual CI have a higher conversion efficiency 

than the conventional coupled inductors (CIs) at low values of amplitude modulation index, 

see Fig. 3.18. This can be linked to the dc choke and 3-limb CI having a lower peak flux, 

hence lower core losses, than the conventional CI. When operated at constant load current 

over a range of modulation indexes, the load current total harmonic distortion (THDf) is 

very similar, Fig. 3.19. The current THDf is mainly determined by the nature of the PWM 

scheme, and not by the choice of inductors used. 
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Fig. 3.14 losses in the conventional CIs, 3-limb CI, and the dc-choke. 
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Fig. 3.15 Conduction losses in the conventional CIs, 3-limb CIs and dc-choke. 
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Fig. 3.16 Semi-conductor losses in the VSCs 
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Fig. 3.17 Efficiency of the two VSCs (only semiconductor losses considered) 
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Fig. 3.18 Efficiency of the CIs in VSCs operating with the M_SPWM and the transition techniques. 
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Fig. 3.19 Current THD of the two VSCs operating with the M_SPWM and the carrier transition 

techniques, f1 = 60 Hz and constant current operation. 

3.4. Experimental verification. 

Test were conducted using a three-phase RL-load (R=3.5Ω, 70 uH), IGBT half-

bridge modules (SKiM306GD12E4), and the PLECS RT-box was used as a digital 

controller. The setup and the various inductors used are presented in Fig. 3.20 and Fig. 

3.21 respectively. The PWM voltage waveforms across the windings of the 3-limb CI and 

dc choke are similar to the simulated waveforms, compare Fig. 3.2 (b) with Fig. 3.22.  

 

Fig. 3.20 Experimental setup. 
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Fig. 3.21 Coupled inductors and load inductors built to run experimental tests.  

These results confirm that the common mode component of the voltage between 

the two converters is dropped across the dc choke and the differential mode component is 

dropped across the 3-limb CI. This is as a result of the dc choke having a high inductance 

for common mode voltage and a low inductance for the differential mode voltage. 

Conversely, the 3-limb inductor has a high inductance for the differential mode voltage 

and a low inductance for the common mode voltage.  

 

 

(a) 
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(b) 

Fig. 3.22 Voltage across the CIs windings (a) Conventional CIs (b) 3-limb CI and dc choke.   

Both coupled inductor types generate high-quality 5-level PWM line voltages with 

a PWM voltage step of Vdc/2. The frequency of the PWM line voltage is four times greater 

than the carrier frequency (4fc). Such PWM voltages can be more easily filtered using a 

smaller ac filter inductor. The PWM phase voltage (vpha), the 3-limb CI winding currents 

(ia1, ia2) and the load currents (ia, ib, ic) are presented in Fig. 3.23 when using the dual CI.  

 
(a) 
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(b) 

Fig. 3.23 Experimental waveforms of the dual CIs operating using the M_SPWM with carrier 

transition techniques (a) PWM line voltage and the load currents (b) PWM phase and CI winding 

currents (Vdc= 300 Vdc, fc=20 kHz, L=70uH, f1=60Hz) 

The output line voltage, 3-phase output currents and circulating currents are shown 

at 60 Hz and 1.1 kHz in Fig. 3.24 for the conventional CI, and Fig. 3.25 for the dual CI. 

For the conventional CI case, the line voltage has a significant curve on the voltage levels. 

This is caused by a significant fundamental voltage drop due to the higher output 

inductance linked to the higher leakage inductance between windings: the conventional CI 

has the two-coupled windings located on separate limbs.  
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(a) 

 

(b) 

Fig. 3.24 Experimental waveforms of the dual voltage source converter using the conventional CIs 

(a) f1 = 60 Hz. L = 70 uH, (b) f1= 1.1 kHz, L= 0.2 mH.  

 

(a) 
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(b) 

Fig. 3.25 Experimental waveforms for the dual coupled inductors: (a) f1 = 60 Hz, L= 70 uH,  (b) f1 

= 1.1 kHz, L= 0.2 mH. 

 

For the dual CI case, the output line voltages have flat voltage levels. The tightly 

coupled windings in the 3-limb core significantly lowers the fundamental voltage drop 

across its windings and the resultant output line voltage can be said to have a high quality 

with vastly reduced curving when compared with the conventional CI. This characteristic 

makes it feasible to generate high-frequency fundamental PWM output voltages in the kHz 

range. 

3.5. Conclusion. 

A dc-choke and a 3-limb coupled inductors, or dual CIs, where presented as a 

means to connect two parallel voltage source converters and to control circulating currents 

due to the PWM voltage difference that is normally experienced between the 3-phase 

output voltages of the two converters. This voltage difference can be seperated into two 

components: a differential mode PWM voltage and a common mode PWM voltage. The 

flux due to the two components is observed to be 30% lower than the flux due to the 

combined voltage. The dc choke is used to provide a high inductance for the common mode 

PWM voltage but a low inductance for the differential mode PWM voltage. Conversely, 
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the 3-limb coupled inductor provides a high inductance for the differential mode PWM 

voltage and a low inductance for the common mode PWM voltage.  

Examination of the two inductor types reveals: (a) the 3-limb coupled has a very 

low inductance for 3-phase output currents, resulting in a low output voltage droop and 

that is useful in systems generating high fundamental output frequencies; (b) the dc choke 

has a very low inductance for currents drawn from the input dc supply and so can have a 

very fast transient load response similar to that can be experienced at the ac outputs.  

A design study shows that the dual coupled inductors can be on average is 16% less 

lossy and 13% smaller when compared with using three conventional CIs. The dual CIs 

are shown to provide a high inductance for controlling circulating currents whilst having a 

low output and input inductance. The inductor designs examined show that the dual CI is 

useful to reduce the size, weight, and material cost of the magnetics in parallel connected 

voltage source converters. The performance of dual coupled inductors was compared with 

that of conventional CIs using simulations and experimental results for an 8 kW (300 Vdc, 

208Vac/22A) laboratory prototype operating over a wide range of fundamental frequencies 

(60Hz~1.1kHz). Target applications include uninterrupted power supplies, flywheel 

energy storage systems, electric vehicles and mobile systems where lightweight magnetics 

is required. 

 

 

 

 

Chapter 4 

Neutral point clamped voltage source converters. 

Two neutral point clamped voltage source converters (VSC) are presented. Both 

types use two level PWM modules connected to coupled inductors at the output and a 
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neutral point clamped (NPC) as the input. The resultant converter can be used in high 

voltage, high current applications such as fast/ultra fast ac electric vehicle chargers, battery 

energy storage systems, flywheel energy storage devices, and electric drives. The first 

topology variation has a reduced switch count, with unidirectional power flow in a grid 

rectifier. A larger number of output voltage levels are produced with smaller voltage steps 

by using two level converter modules when compared with other topologies having the 

same number of switching devices. The second topology validation is a bidirectional 

converter using a 3-limb output coupled inductor connected to two level dual inverter legs 

in each phase and a four switch NPC input stage. This represents the use of a minimal 

coupled inductor size with multi-level outputs which have a very small harmonic content 

and can easily be filtered using a small ac inductor, thereby reducing the overall size/ 

weight of high-power voltage source converter. 

With the growing trend toward higher dc-link voltage in electric vehicles, multi-

level topologies capable of reducing the voltage stress on switching devices are 

investigated as a feasible and efficient option for replacing the conventional two level six 

switch converter. There is a need for electric vehicle chargers with power greater than 400 

kW and output dc voltage of at least 800 V. However, high dc-link voltages lead to higher 

switching losses which reduce the overall efficiency of power converters. In addition, 

higher dc-link voltages increase the peak flux in interface coupled inductors, thereby 

increasing the size/ weight of magnetic core required to avoid saturation. 

4.1. Neutral point clamped converter topology 

The multi-level coupled inductor (CI) converters presented in this chapter use (a) 

one outer module, four series connected semi-conductor devices across the dc-link to form 

the NPC stage that clamps and reduces the voltage stress of all the switching devices to 

Vdc/2 (b) inner inverter legs or modules whose outputs are connected to coupled inductors 

to produce multi-level output voltages, with voltage steps much lower than the supply 

voltage, see Fig. 4.1. The common mode voltage between the 3-phase grid and the output 

dc grid is drastically reduced as a result. The outer modules in the NPC stage operate at the 

fundamental frequency while the inner modules use two level inverter legs that receive 
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interleaved PWM signals and have a high switching frequency. N-inner modules or high-

frequency modules can be used together with the output coupled inductors generate 4n+1 

level PWM line voltages with a PWM frequency 2n times greater than the switching 

frequency of the inner modules. These multi-level PWM outputs have a very small 

harmonic content and can more easily be filtered by the low winding inductance of high-

speed machines or small ac filter inductors; thereby reducing the size/ weight of the 

converter magnetics.  
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Fig. 4.1 Neutral point clamped CI converters (a) unidirectional, (b) bidirectional. 

The outer module can connect the input dc terminals of the inner module across the 

upper dc capacitor, C1, see Fig. 4.2 (a), (b). When using diodes in the outer module, this 

occurs in a grid connected system when the phase current is flowing into the converter, 

Fig. 4.2 (c), (d). The high-frequency inner modules are connected to coupled inductors 

which produce multi-level output voltages. Fig. 4.1 (a) is shown using 3 inverter leg inner 
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module with a 3-limb coupled inductor connected to the phase output terminals. These 

inductors have cross coupled windings to improve the quality of the multi-level output 

voltages, see Fig. 4.1 (a). Since the windings on the 3-limb inductor are Y-connected, they 

can cope with both common mode (CM) and differential mode (DM) voltage between the 

inverter legs without saturating. The bidirectional converter, Fig. 4.1 (b), uses a 3-limb 

inductor with windings that connect the 2 outputs of all 3 phases. This situation cannot 

have common mode voltages across its windings, so a PWM scheme that produces no 

common mode voltage between the inverters is used to produce multi-level PWM output 

voltages [103]-[108]. It is worth nothing that three separate coupled inductors on C-shaped 

cores can also be used here, which can cope with both common mode and differential mode 

voltages across their windings, but the 3-limb inductor was chosen here to minimize the 

inductor size and weight as well as lowering the inductor losses. 
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                     (a)                                 (b)                                  (c)                                 (d) 

 

Fig. 4.2 Active outer switching devices when (a) & (b) the load currents are positive (c) & (d) the 

load currents are negative. 

4.2. Pulse width modulation and control 

Parallel-connected voltage source converters are often operated using 

interleaved PWM switching with multiple phases shifted carriers. The PWM scheme 

for the two neutral point clamped topologies is described in this section. 
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4.2.1. Unidirectional NPC using a 3-inverter leg inner 

module 

Since the inner module is connected across either the top dc capacitor or the lower 

capacitor depending upon the sign of the input current, which matches the sign of the grid 

voltage when operating at unity power factor, the sinusoidal modulating signals to control 

the inner module must be modified, see Fig. 4.3. The same modulating reference signal is 

used in each phase of the converter, for example refa expressed as (4.1) is used for all the 

switching devices in phase “a”, and the three carriers allocated to each inverter legs control 

their PWM switching. This modulation scheme generates 7-level phase and 13-level PWM 

line voltages at the output of the 3-limb coupled inductors.  
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Fig. 4.3 Reference and carriers of the neutral point clamped coupled inductor rectifier. 

 

                𝑟𝑒𝑓𝑎 = (
|𝑚𝑎| sinƟ,               |𝑚𝑎| sinƟ ≥ 0 
|𝑚𝑎| sin Ɵ + 1,      |𝑚𝑎| sinƟ < 0

                          (4.1) 

A standard 3-phase grid current controller was used as the focus is to prove the 

functionality of the proposed converter. The control algorithm consists of three blocks to 

transfer power from the grid to the converter dc-link, Fig. 4.4.  The first block is a current 

controller, which regulates the magnitude of the converter phase currents. This block 

compares the measured converter phase currents in the αβ reference frame (iαβ) with that 

of the calculated reference current (iαβ’) and the error is processed using a proportional 
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integral resonant controller (PIR) to determine the signal 
𝑚1
→ . The grid voltage (vabc/ vαβ) is 

measured for feed-forward control. The second block is a capacitor voltage controller. In 

this block, the error obtained by comparing a zero-reference voltage with the difference 

between the capacitor voltages on the dc-link is processed using a PI controller to produce 

a signal 
𝑚2
→ . The  outputs of the current controller and the capacitor voltage-balancing 

controllers are added in the third block to produce sinusoidal signals (
𝑚
→). The reference 

signals (
𝑚𝑟𝑒𝑓
→    : refa, refb, refc) used to control the PWM switching of the rectifier’s inner 

switching devices can be expressed as (4.2) and illustrated in Fig. 4.3. 
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Fig. 4.4 Block diagram of the rectifier control algorithm. 

                                

                
𝑚𝑟𝑒𝑓
→   = (𝑚

→ ,               
𝑚
→ ≥ 0 

𝑚
→ + 1,        

𝑚
→ < 0

                                             (4.2) 

4.2.2. Bidirectional NPC using a 2-inverter leg inner 

module 

The converter presented, Fig. 4.1(b) interleaves the PWM switching of inner 

modules in each phase. Since a 3-limb inductor option was chosen for this converter, a 

PWM scheme is required that produces no common mode between the 3-phase -inverter 
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leg modules in each phase, between (a1, b1, c1 & a2, b2, c2). A discontinuous PWM scheme 

was chosen to lower switching losses and also to eliminate common mode voltages across 

the windings of the 3-limb inductor [103]-[108]. However, traditional DPWM schemes are 

designed for 2-level systems and cannot be used directly on neutral point converter. 

Modulating reference signals are required that vary in the range 0 and 1rather than ± 1, see 

Fig. 4.5 (a) The reference signals (refa, refb, refc) of a conventional DPWM for neutral 

point converter, expressed as (4.3), Fig. 4.5 (b), can be modified to generate two different 

type of reference signals: an average (vσ) and a differential reference (v∆) voltage signal, 

Fig. 4.6. 

   

  

Sector 1 Sector 2 Sector 3 Sector 4 Sector 5 Sector 6

refA refB refC

 

(a) 

Sector 1 Sector 2 Sector 3 Sector 4 Sector 5 Sector 6

refa

* **

 

(b) 

 

Fig. 4.5 DPWM reference signals for (a) 2-level converters, (b) neutral point clamped converters. 

                𝑟𝑒𝑓𝑎 = (
𝑟𝑒𝑓𝐴 ,               𝑟𝑒𝑓𝐴 ≥ 0 
𝑟𝑒𝑓𝐴  + 1,      𝑟𝑒𝑓𝐴 < 0

                                             (4.3) 

The average and difference voltage reference signals can be expressed as (4.4) and 

(4.5) respectively when refa  is clamped to 1, sector 2, with appropriate changes being made 

to define their values in the other sectors, see Fig. 4.6. Considering the segments “*” and 

“**” in sectors “2” and “5” identified in Fig. 4.5 with refb and refc being the active phases, 

then the reference voltage signals (vσ, v∆) are compared with two 1800 phase shifted carrier 

signals (X, Y) to generate the eight digital signals (SAX, SAY, SDX, SDY,  S𝐴𝑋, S𝐴𝑌, S𝐷𝑋, and 
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S𝐷𝑌), Fig. 4.7. The digital signals SAX and SAY are obtained by comparing the average 

reference (vσ) signal with the two 1800 phase shifted carriers. Likewise, the digital signals 

SDX and SDY are obtained by comparing the difference reference signal (v∆) with the two 

1800 phase shifted carriers, see Fig. 4.7. The signals S𝐴𝑋 , S𝐴𝑌 , S𝐷𝑋 , and S𝐷𝑌  are 

complementary to SAX, SAY, SDX, and SDY. 

 

                                 𝑣σ =
(𝑣𝑟𝑒𝑓_𝐵+𝑣𝑟𝑒𝑓_𝐶)

2
                                                                   (4.4) 

                                 𝑣∆ =

{
 
 

 
 1 − |

(𝑣𝑟𝑒𝑓_𝐵−𝑣𝑟𝑒𝑓_𝐶)

2
| ; 𝑣𝑟𝑒𝑓_𝐴 = 1

        |
(𝑣𝑟𝑒𝑓_𝐵−𝑣𝑟𝑒𝑓_𝐶)

2
| ; 𝑣𝑟𝑒𝑓_𝐴 = 0

                                  (4.5) 
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Fig. 4.6 Average and difference signals. 
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Fig. 4.7 Digital signals obtained by modulating the average and difference reference signals. 

 

These digital signals are passed through a logic stage to generate the actual gate 

signals for the converter.  When the reference signal refa is clamped to 1 and refb is greater 

than refc, the logic presented in Fig. 4.8 (a) is used to determine the gate signals of the 

converter switching devices. When the reference signal refa is clamped to 1 and refb is less 

than refc, the logic in Fig. 4.8(b) is used. The logic in Fig. 4.9 (a) is used to determine the 

gate signals of the converter switching devices whenever the reference signal refa is 

clamped to 0 and refb is greater than refc. Whereas the logic presented in Fig. 4.9 (b) is used 

when refa is clamped to 0 and refb is less than refc.  This modulation scheme eliminates the 

common mode switched mode voltage (vCM) across the 3-limb inductor [103]-[108] and 

allows the use of a compact and small 3-limb core. In addition, the modified DPWM does 

not affect the phase voltage of the converter expressed as (4.6). The 3-limb inductor 

winding voltages (vb1- vb2, vc1-vc2) and the common mode voltage (vCM) between the inner 

inverters are presented, see Fig. 4.10, when the reference refa is clamped to 1. Note that 

winding voltage va1- va2 is zero and is a magnetic short circuit. 

 

                          𝑣𝑝ℎ𝑎 =
1

𝑛
 ∑ 𝑣𝑎𝑥
𝑛
𝑥=1                                                           (4.6) 
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Fig. 4.8 Gate signals of the inner inverter legs when refa =1 (a) refb > refc, (b) refb < refc. 
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Fig. 4.9 Gate signals of the inner inverter legs when refa =0 (a) refb > refc, (b) refb < refc. 
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Fig. 4.10 Carrier period illustrating the 3-limb inductor winding voltages of the active phases and 

the common mode voltage between the parallel-connected inverter legs. 
 

4.3. Simulation. 

The parameters presented in Table 4.1 was used to approximate results of a 3.8kW 

neutral point clamped laboratory prototype using the PLECS simulation software. 

Simulation confirms that all the switching devices of the neutral point clamped topologies 

experience a maximum voltage stress of Vdc/2, see Fig. 4.11.  

Table 4.1: Converter specifications  

 
Parameters values 

Dc link voltage (Vdc) 300 V 

Line voltage/ phase current (VIine/ia) 208 V/10.5A 

Ac filter inductor (Lf) 70 uH 

Carrier frequency (fc) 20kHz 
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The unidirectional NPC converter produces 7-level phase (vpha) and 13-level PWM 

line voltages (vline) at the outputs of the 3-limb inductors, see Fig. 4.12.  
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Fig. 4.11 Simulated waveforms of the voltage across the switching devices of the unidirectional 

neutral point clamped converter. 
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Fig. 4.12 Simulated waveforms of the unidirectional neutral point clamped converter using 3-limb 

coupled inductors having cross coupled windings, Vdc=300 V, fc= 20kHz, Lf= 70 uH 
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The bidirectional NPC converter having one 3-limb coupled inductor output was 

simulated using the modified DPWM scheme that produces no common mode voltages 

between the inner modules. This converter generated 5-level PWM phase (vpha) and 9-level 

PWM line voltages (vline). The sum of the 3-limb inductor winding currents in each phase 

(e.g ia1, ia2) equaled the load currents (ia, ib, ic), see Fig. 4.13.  

Both sets of results confirm the absence of large high-frequency common mode 

circulating currents between the converter inner modules. The 3-limb CI, designed based 

on peak flux, can be smaller and lighter than three conventional coupled inductors using 

C-shaped cores designed to cope with the same peak flux as the 3-limb CI. This justifies 

the use of the modified DPWM, and a 3-limb CI. The bidirectional NPC converter 

produces fewer levels when compared with the unidirectional converter because it has 2 

inverter legs vs 3 inverter legs. The DPWM scheme produces flux jumps in the 3-limb 

coupled inductor, making it difficult to precisely design them, Fig. 4.14. 
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Fig. 4.13 Simulated waveforms of the neutral point clamped VSC using a 3-limb interface CI. 
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Fig. 4.14 Simulated waveforms of the neutral point clamped VSC using a 3-limb interface CI. 

4.6. Experimental Verification. 

4.6.1. Unidirectional NPC  

3-limb inductors having cross coupled windings, Table 2.3, and the converter 

specifications in Table 4.2 were used to implement the unidirectional NPC converter. A 

DSP digital controller was used to control the PWM switching of the converter’s inner 

modules. The experimental setup is presented in Fig. 4.15. The system generated 7-level 

phase and 13-level PWM line voltages which have a small harmonic content, see Fig. 4.16. 

The clamping diodes reduce the voltage stress across the 3-limb inductor to Vdc/2. In 

consequence, the size and weight of the interphase 3-limb coupled inductor designed based 

on peak flux can be significantly smaller when compared with that of 3-limb inductor using 

two level 3-phase inverter legs only. 

 

Table 4.2: Unidirectional converter specifications  

 
Parameters values 

Dc link voltage (Vdc) 250 V 

Line voltage/ phase current (VIine/ia) 145 V/20A 

Ac filter inductor (Lf) 50 uH 

Carrier frequency (fc) 20kHz 

Dc-load resistor 20 Ω 
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Fig. 4.15 Experimental setup of the neutral point clamped rectifier. 

 

Fig. 4.16 Waveforms of the neutral point clamped rectifier, Vdc=250 V, fc=20kHz, Lf= 70 uH. 

4.6.2. Bidirectional NPC  

A 3-limb coupled inductor (CI), whose parameters are presented in Table 4.3, was 

designed to test the bidirectional NPC converter using the modified DPWM. The PLECS 

RT-Box was used as a digital controller and an R-L Load (11 Ω, 0.4 mH) was used to 

demonstrate the converter’s performance over a wide range of fundamental frequencies (f1: 

60Hz ~ 1.1kHz). The laboratory setup is presented in Fig. 4.17. The converter generated 

5-level PWM phase (vpha) and 9-level PWM line voltages (vline). Most importantly, the sum 

of the 3-limb CI winding currents (e.g ia1, ia2) equaled the load currents (ia, ib, ic), see Fig. 

4.18.  

https://www.bing.com/ck/a?!&&p=026ec6acf066b612JmltdHM9MTY3ODE0NzIwMCZpZ3VpZD0xMWNlZmI2ZC0yMzNjLTYzYjQtMWE3MC1lOTFlMjI4NTYyNzImaW5zaWQ9NTE5Ng&ptn=3&hsh=3&fclid=11cefb6d-233c-63b4-1a70-e91e22856272&psq=ohm&u=a1aHR0cHM6Ly93d3cucmFwaWR0YWJsZXMuY29tL2VsZWN0cmljL29obS5odG1s&ntb=1
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Table 4.3: Parameters of the designed 3-limb CIs 

 
Parameters values 

CI Winding inductance (Lw) 2.02 mH 

Leakage inductance (Le) 1.3 uH 

Magnetizing inductance (Lm) 8.01 mH 
 

PLECS RT Box

Power Electonics

3-limb CI Load inductor

 

 

Fig. 4.17 Experimental setup of the neutral point clamped VSC with a 3-limb interface inductor. 

These results confirm the absence of large common mode circulating currents between the 

inner modules. The 3-limb CI used had tight coupled windings which significantly lowered 

the inductor series inductance and made it feasible to generate high frequency fundamental 

multi-level PWM outputs in the kilohertz range with a very small fundamental voltage drop 

across the coupled inductors. Consequently, the converter outputs had flat voltage levels, 

see Fig. 4.19. The converter load currents are evenly shared between the inner inverter legs 

even during transient states, Fig. 4.18 – Fig. 4.20. Dynamic results were obtained by 

changing the load and the modulation index (ma).  
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(b) 

Fig. 4.18 Experimental waveforms of the bidirectional neutral point clamped converter using an 

interface 3-limb inductor during a transient state (a) load change, (b) change in ma, f1= 60Hz, Vdc= 

300 V, fs= 20Hz, Lf= 4 mH. 
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Fig. 4.19 Experimental waveforms of the bidirectional neutral point clamped converter using an 

interface 3-limb coupled inductor during a transient state (load change) f1= 1.1kHz, Vdc= 300 V, 

fs= 20Hz, Lf= 4 mH. 
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Fig. 4.20 Experimental waveforms of the bidirectional neutral point clamped converter using an 

interface 3-limb inductor during a transient state (change in ma), f1= 1.1 kHz, Vdc= 300 V, fs= 20Hz, 

Lf= 4 mH. 

4.7. Conclusion. 

Two neutral point clamped coupled inductor topologies using PWM controlled 

inner modules with 2-level inverter legs were investigated for high voltage high current 

converters. The proposed converter structures have outer modules acting as an NPC clamp 

to reduce the voltage stress across all the switching devices. The outer modules equally 

reduce the voltage drop across the coupled inductors which lowers their peak flux and their 

size/weight.  

The unidirectional NPC converter has a reduced switch count and produces multi-

level voltage outputs with more voltage levels (13-levels) when compared with other 

converter, having the same number of switching devices. The multi-level outputs have a 

very small harmonic content and can more easily be filtered using small ac inductors.  

The bidirectional NPC converter uses a modified DPWM scheme that produces no 

common mode voltage between the inner modules located in each phase of the 3-phase 

system. This makes it feasible to use a compact/light-weight 3-limb coupled inductor to 

connect the outer two terminals from each phase and to produce 9-level PWM line voltages. 

These voltages can more easily be filtered by the low winding inductance of high-speed 
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machines or a small ac inductor, thereby reducing the size and weight of the power 

converter. The feasibility of the neutral point clamped converters has been verified using 

simulations and experimental results of a 3.8kW laboratory prototype. Target applications 

include fast/ultra-fast ac electric vehicle charging, battery energy storage systems, flywheel 

energy storage devices, grid connected rectifiers, and electric drives.  
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Chapter 5 

Discontinuous PWM control for neutral point 

clamped coupled inductor converters. 

 

A modulation technique which prevents flux jumps produced by conventional 

discontinuous PWM schemes (DPWM) in coupled inductors connected to a neutral point 

clamped (NPC) converter using inner 2-level inverter modules in each phase is presented. 

The technique is useful to reduce the converter magnetics, thereby improving the converter 

power density.  

NPC converters with inner 2-inverter modules connected to coupled inductors, see 

Fig. 5.1, can be interleaved using DPWM to lower the converter switching losses by 30%. 

This is because certain portions of the DPWM reference signals are clamped to the 

maximum/minimum of the carrier for a given period, e.g 600 period twice, see Fig. 5.2. 

The transition from continuous to discontinuous PWM switching and vice versa causes the 

flux in the coupled inductors to experience a jump which increases the peak flux and the 

size/weight of the core required to prevent saturation, see Fig. 5.3. A transition technique 

is required to mitigate this drawback. 
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Fig. 5.1 Neutral point clamped converter with inner moules connected to cross coupled inductors. 
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Fig. 5.2 Discontinuous reference signal. 
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Fig. 5.3 Circulating current and flux jumps in interface coupled inductors. 

 

5.1. Discontinuous PWM control. 

Conventional interleaved DPWM uses the same reference signal for all the parallel-

connected inverter legs in the same phase and evenly phase shifted carriers (00, 1800) to 

control the PWM switching of the inner modules. DPWM involves moving between the 

continuous and discontinuous regions. Depending on when the reference is clamped, the 

circulating current and flux in interface coupled inductors may experience a dc offset and 

can propagate sector by sector. It is important to note that the flux remains constant 

throughout the discontinuous regions and becomes the starting point from where the flux 

beings to ramp up/down at the begging/end of the continuous sectors, see Fig. 5.3 & Fig. 
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5.4. Also, the flux crosses zero at the maximum or minimum of the carrier, which is the 

location in the PWM cycle where the magnitude of the flux in the coupled inductor is 

smallest. To prevent the circulating current (icir) and the flux in coupled inductors from 

experiencing a jump, the transition into and out of the discontinuous regions is done 

exclusively at the maximum or minimum of the carrier used to control each inverter legs. 

This technique guarantees that the flux remains at zero throughout the discontinuous PWM 

regions and at the start/end of the continuous PWM regions. Most importantly, the flux 

remains center at zero without a jump throughout the fundamental period. The DPWM 

reference signal of phase “a” (𝑟𝑒𝑓𝑎𝑁𝑇 , 𝑟𝑒𝑓𝑎𝑇 ), the PWM voltage between the interface 

coupled inductors (𝑣𝑎1 − 𝑣𝑎2: 𝑉𝑊𝑁𝑇, 𝑉𝑊𝑇) and the flux induced (𝜙𝑁𝑇 , 𝜙𝑇) by the DPWM 

with and without the sector transition control are compared in Fig. 5.4.  
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                                        (a)                                                                          (b) 

Fig. 5.4 Offset in flux due to sector changes (a) transition into the discontinues sector, (b) transition 

out of the discontinues sector. 

5.2. Simulation. 

The sector change transition technique was simulated using an NPC converter 

having 2-inverter legs in each phase whose outputs are connected to cross-coupled 

inductors, see Fig. 5.1. A dc-link of 300V, a switching frequency of 20kHz, and an RL-

load were used to approximate results of a 3.8kW laboratory prototype. The converter 

dwwd𝑟𝑒𝑓𝑎𝑇 dwwd𝑟𝑒𝑓𝑎𝑁𝑇 
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produced 5-level phase (vpha) and 9-level PWM line voltages with PWM voltage step much 

smaller than the dc-link voltage. The phase voltage illustrates the use of a 600 clamped 

DPWM scheme, see Fig. 5.5. Most importantly, the circulating currents (icir) and the high-

frequency flux in the coupled inductors did not experience a jump and was centered at zero. 

These results indicate that the coupled inductors can be designed more precisely with a 

reduced size/weight. Also, the load currents (ia, ib, ic) are evenly shared between the 

parallel-connected inverter legs (ia1, ia2) which reduces current stress and switching losses. 
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Fig. 5.5 Simulated waveforms of the neutral point clamped converter using the sector transition 

technique. 
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5.3. Experimental verification. 

A 3.8 kW NPC laboratory prototype using inner 2-level inverter modules in 

each phase was used to verify the feasibility of the DPWM control transition technique. 

Cross coupled inductors, whose parameters are presented in Table 2.2 were used to 

average the outputs of the parallel-connected inverter legs. A dc-link of 300V, a 

switching frequency of 20kHz, and an RL-load was used to carry the test over a wide 

range of fundamental frequency (60Hz ~ 1.1kHz). The PLECS RT box was used as a 

digital controller, see Fig. 5.6. The system generated 5-level phase (vpha), 9-level PWM 

line voltages (vline) and the load currents (ia, ib, ic) were evenly shared between the 

parallel inverters. Since the flux in the core cannot be measured experimentally, the 

circulating current (icir), which has the same waveform as the flux in the core, was 

measured. The measured circulating current was centered at zero and did not 

experience a jump, indicating that the flux in the core did not experience a jump as well, 

see Fig. 5.7. This validates the sector transition technique.  

The transient results were obtained using a step change in modulation index and 

step change in load. The cross coupled inductors have tightly coupled windings with 

low series output inductance which favor the production of high-frequency 

fundamental outputs in the kilohertz range with a very small fundamental voltage drop 

across the inductor windings. Consequently, the converter output voltages have flat 

levels, see Fig. 5.8. 

Load inductorCross coupled inductors

PLECS RT Box

Power Electonics

 

Fig. 5.6 Experimental setup of the neutral point clamped VSC with cross coupled inductor. 



96 

 

vline 

200 V/div

200 V/div

1 A/div

10 A/div

vpha 

ia1, ia2 

ia ib ic

icir

10 A/div

 

(a) 

vline 200 V/div

200 V/div

1 A/div

10 A/div

vpha 

ia1, ia2 

ia ib ic

icir

10 A/div

 

(b) 

 

Fig. 5.7 Experimental waveforms of the neutral point converter with cross coupled inductors in a 

transient state (a) load change, (b) amplitude modulation index change, f1= 60Hz, Vdc= 300 V, fs= 

20Hz, Lf= 70 uH. 
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Fig. 5.8 Experimental waveforms of the neutral point converter with cross coupled inductors in a 

transient state (a) load change, (b) amplitude modulation index change, f1= 1.1 kHz, Vdc= 300 V, 

fs= 20Hz, Lf= 70 uH. 

 

The DPWM control technique significantly reduces the peak flux in the interface 

coupled inductors and the flux pattern can be predicted precisely, see Fig. 5.9 (a). In 

consequence, the size/weight of the coupled inductors and hence the overall size/weight of 

the converter magnetics designed based on peak flux can significantly be reduced as well, leading 

to high power density. The control technique has an insignificant effect on the quality of the output 
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waveforms: Line voltage harmonic volt-seconds and the current total harmonic distortions (THDf), 

see Fig. 5.9 (b) and (c).  
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(c) 

Fig. 5.9 Performance curves of the NPC with two interleaved PWM switching inverter legs in each 

phase (a) per unite peak flux (b) line voltage harmonic volt-second, and (c) current THDf. 
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5.5. Conclusion. 

A DPWM control technique which prevents the circulating currents and the flux in 

inductors from experiencing a jump whenever the discontinuous PWM, DPWM, scheme 

is implemented was presented.  The reference signal of the DPWM has continuous and 

discontinuous sectors. Uncontrol sector transitions  introduce dc offsets in the circulating 

currents and cause flux jumps in interface coupled inductors. A solution to this problem is 

to transition into and out of the discontinuous regions exclusively at the maximum or 

minimum of the carrier used to control the 2-inverter legs in each phase of the converter. 

This control technique guarantees that the flux remains at zero throughout the 

discontinuous PWM regions and at start/end of the continuous PWM regions; thereby 

reducing the peak flux and the size/weight of the magnetics required. 

 The feasibility of the DPWM control technique has been demonstrated using 

simulations and experimental results of a 3.8kW NPC laboratory prototype connected to 

cross coupled inductors. Both simulation and experimental results confirm that the 

circulating current and the flux patterns in the coupled inductors remained centered at zero 

without experiencing a jump. The DPWM control technique is suitable to reduce the 

size/weight of the magnetics in high power converters, thereby improving their power 

density. Target applications include fast/ultra-fast EV charging, battery energy storage 

systems, flywheel energy storage, high-frequency electric drives, and grid connected 

converters. 
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Chapter 6 

Conclusion and recommendation for future work. 

The summary of the conclusions of each chapter and a recommend research area is 

presented. Coupled inductor VSC topologies using parallel-connected two-level inverter 

legs, and advanced modulation schemes can be used to generate high quality multi-level 

PWM output voltages while reducing the size/weight of magnetics required to average 

their outputs. The numerous attractive features of these multi-level coupled inductor 

converter topologies such as modularity, fault tolerant operation, lightweight magnetics, 

and high-quality waveforms, make them suitable for many applications in power 

electronics. The goal of the research presented is to develop high power converters with a 

reduced footprint. This is achieved by developing coupled inductor converter topologies 

and advanced switching techniques that reduces the size/weight of the magnetics while 

improving their output qualities. As a result, five different multi-level coupled inductor 

topologies and two modulating techniques were investigated for high frequency electric 

drives, battery energy storage, and grid connected converters. 

6.1. Conclusion. 

Two-level inverter legs connected to coupled inductors (CIs) having crossed-

coupled windings was a topic examined for low voltage high power converters, see chapter 

2. The cross coupled inductor winding arrangement significantly lowered the series output 

inductances which made it feasible to produce high frequency multi-level PWM outputs in 

the kilohertz range with a very small fundamental voltage drop across the inductor. The 

low fundamental voltage drop reduced the fundamental flux and peak flux in the inductor 

magnetic core, thereby reducing the size/weight of the magnetic required. The cross 

coupled inductors present a very large inductance between the inverter legs, related to the 

inductor magnetizing inductance, and is useful to control the peak circulating current ripple. 

In addition, cross coupled inductors guarantee the even distribution of the load currents 

between the parallel inverter legs without the need for a current controller. The 
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performance of the proposed multi-level converters was verified using PLECS simulation 

and experimental results of a high frequency electric drive. 

A dc-choke and a 3-limb coupled inductor, dual CI, where presented as a means to 

connect two parallel voltage source converters and to control circulating currents due to 

the voltage difference that is normally experienced between the 3-phase output voltages of 

the two converters. The inductor types presented place one CI between the 3-phase output 

terminals of the two converters, a 3-limb CI, and a second inductor located between the 

two converter dc input terminals, a dc CI or dc choke, see chapter 3. The 3-limb CI 

connecting the outputs of the two interleaved voltage source converters has a high 

inductance for differential mode PWM voltages but has a very low inductance for common 

mode voltages between the converters. The dc choke place on the dc link has a high 

inductance for common mode voltage between the two converters. In consequence, the two 

inductors: dc-choke and a 3-limb CI, can be used to separately filter the common mode and 

differential mode components of the voltage between the two converters connected to the 

same dc-link. The dc-choke and the 3-limb CI have a very low series output inductance 

which favor rapid changes in the supply and output currents during transients. The low 

series output inductance of the two coupled inductors equally favors the production of high 

quality high-frequency fundamental multi-level PWM output voltages in the kilohertz 

range with a very small fundamental voltage drop across the inductor windings. Most 

importantly, the coupled inductors can be 16% more efficient and 13% smaller when 

compared with that of three conventional coupled inductors which can cope with both 

common mode and differential mode switched mode voltage across their windings without 

saturating. The system described is useful to reduce common mode to ground noise in 

uninterrupted power supplies and motor drives, reduce cable interactions, and increase the 

power density of interleaved PWM switching converters by reducing the size/ weight of 

the converter’s magnetics.  

Two neutral point clamped (NPC) coupled inductor converters using inner inverter 

modules were investigated for high voltage high current converters. The converters have 

outer modules that clamp and reduce the voltage stress across all the switching device and 

coupled inductors, thereby reducing the peak flux and the size of core required to prevent 
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saturation. The first converter, unidirectional converter, has a reduced switch count and 

produces multi-level outputs with more voltage levels when compared with other 

converters, having the same number of switching devices. The multi-level outputs have a 

very small harmonic content and can more easily be filtered using small ac inductors. The 

second converter, bidirectional converter, uses a modified discontinuous PWM scheme that 

produces no common mode voltage between the inner inverter modules and makes it 

feasible to use a compact/light-weight 3-limb CI to produce 9-level PWM line voltages. 

These voltages can easily be filtered by the low winding inductance of high-speed 

machines or a small ac inductor in a grid connected system, thereby reducing the size and 

weight of the converter. The feasibility of the NPC converters has been verified using 

simulations and experimental results of a 3.8kW laboratory prototype. Target applications 

include fast/ultra-fast EV ac charging, battery energy storage systems, grid connected 

rectifiers, and electric drives.  

A control technique that prevents the circulating currents and the flux in CIs, 

connected to an NPC with inner inverter modules, from experiencing a jump whenever the 

discontinuous PWM is used was presented.  The reference signal of the DPWM has 

continuous and discontinuous sectors. Uncontrol sector transitions can introduce dc offsets 

in the circulating currents and flux jumps in the CIs. To prevent the flux in the inductors 

from experiencing a jump, the transition into and out of the discontinuous regions are done 

exclusively at the maximum or minimum of the carrier used to control the inner inverter 

modules in each phase of the converter. This technique guarantees that the flux remains at 

zero throughout the discontinuous PWM regions and at start/end the continuous PWM 

regions which reduces the peak flux and the size/weight of the magnetics required. The 

feasibility of the transition technique has been demonstrated using simulations and 

experimental results of a 3.8kW NPC laboratory prototype. Target applications include 

fast/ultra-fast EV ac charging, battery energy storage systems, flywheel energy storage, 

high-frequency electric drives, and grid connected converters. 

The performance of proposed coupled inductor topologies has been demonstrated 

using converters connected to a stiff dc-link and/ ac grid. A rapid and robust control is 



103 

 

required to protect the circuit from failing during faults: short circuit, the collapse of the 

dc-link… 

6.2. Recommendation for future work. 

The modified discontinuous PWM, DPWM, scheme that produces no common 

mode (CM) voltage between parallel inverter legs causes the circulating currents and the 

flux in the coupled inductors to experience a jump just like the conventional DPWM, see 

Fig. 4.14. This modified DPWM favor the use of a compact/smaller 3-limb CI instead of 

three separate conventional coupled inductors, one for each phase of the VSC. The 

size/weight of the 3-limb CI used with this PWM scheme can further be reduced by 

eliminating the flux jumps produced by sector transitions in the modified DPWM scheme. 

The investigation of techniques to suppress flux jumps when implementing the modified 

DPWM are recommended for future research to further reduce the size/weight of inductors 

in high power converters. 

Also, the design of coupled inductors requires numerous iterations, see Fig. 2.28. 

A simpler design procedure that facilitates the scaling up/down of magnetic cores 

depending on the converter specifications (Dc-link voltage, switching frequency, and 

phase currents) with fewer iteration is recommended. 
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